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Calculations and. Results

The apparent gel strength, G', of the mud in column is defined using the force
balance on the mud column formulated as for a uniform cylindrical column of
the same vertical height, B, as the actual column and the same diameter as the
inside diameter of the pipe used in the experiment. Note that this
computation explicitly excludes allowances for non-uniformity in diameter at

nipple joints, etc.

The pressure of brine at the face of the core plug against the mud column is
given by (gauge value)

(1) Po = Py + ppgA

where P, is manometer reading of pressure on brine in the reservoir. The
hydrostatic pressure of the mud column and brine on top of the mud is (gauge
value) :

(2) Py = o8B + ppgC

Then the force balance criterion for on-set of movement of the mud column by
shearing of the gel at the cylindrical wall of the column is

(3) mey (Pe - Py) 2 2mrAG!

where G' is the apparent gel strength. Thus we calculate G' from the
experimental data using

v _ P (P. - By)
(4) G' = 3A c h

The calculated apparent gel strength G' was compared to the Fann gel strength
G as a ratio R, where

R=G'/G

A summary of results is given in Table 1.

Run # 1 2 3 4 5 6 7 8 g

R 5.11 5.05 1.68 0.0 2.77 3.83 3.61 5.76 1.99

TABLE 1. R Values For All Runs
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Discussion of Results

The results of Runs 1 and 2 indicate non-uniform geometry profoundly
influences the apparent gel strength. Apparently the relative size of
diameter constrictions in relation to the c¢ylinder in which the mud stands
produced the larger increases in apparent gel strength observed in Runs 1 and

2 as compared to other runs.

In Run 3, the one shoulder in the large pipe produced, approximately, a 68%
increase in apparent gel strength over the measured Fann measured value. In
Runs 6 and 7, it would be reasonable to assume that the increase in apparent
gel strength should be about six times the 687 value observed in Run 3 since 6
shoulders are present. This would produce an R value of 1 + (0.68 * 6) or
5.08 which is larger than the apparent values actually observed in Runs 6 and

7.

Run 5 ©provides further evidence that geometric irregularities produce
increases in apparent gel strength. With the constriction on the top of the
pipe (along with the shoulder of Run 3), the apparent gel is increased by
nearly three-fold over the Fann measured value.

Run 4 demonstrates that when the mud column is detached from the pipe
structure by an oily film, either the brine flows up the pipe around the mud
column or the column provides little or no gel strength since it is, in
effect, not bonded to the pipe.

Run 8 was to test whether the very large value of G observed in Runs 1 and 2
was due in part to the fact that mud extended into the small diameter viewing
tube at the top of the 5/8" ID pipe. Since the observed value of R in Run 8

was even larger, this is not the case.

The objective in Run 9 was to determine whether a tube free of anv non-
uniformities in diameter of the mud column would yield a G value comparable to
that measured in the Fann viscometer. Since the apparent G value in this case
was almost double the Fann determined value, this is not the case. Thus,
there are other factors involved besides non-uniform diameter of hole which

cause the high apparent G values.

We can speculate on the implications of the data obtained in the above
experiments:

(1) There is clearly an increase in the contribution of mud gel strength to
the threshold pressure for brine entry arising from constrictions or non-
uniformities in pipe (simulated borehole) diameter. A factor of about 2 - 35

was observed.

(2) There 1is another contribution to threshold brine entry pressure not
associated with hole geometry. We speculate that this may be due to an
"interfacial tension' effect as brine tries to enter gelled mud from the small

pores in the core plug.
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This interfacial ‘tension effect would contribute a AP to the threshold entry
pressure as

"R

AP =

where r is the radius of the hemispherical bubble of brine entering the mud
while Y 1is an effective interfacial tension. The value of r should be the
average of the largest pores open on the core plug face. Thus for the same
brine and mud we could see a difference in AP for the two core plugs used in
our experiments. Also it is possible that upon standing with mud pressure on
the core plug, some particulates could enter the larger pores of the core plug
so r might be reduced in later experiments using the same core plug. This
might account for the results in Runs 8 and 9.

Future Research

Clearly, we have not answered all questions concerning the criteria for brine
entry into a mud-filled abandoned well but we have shown that the critical
pressure for brine entry is given by an equation of the form (Pcrit in psi)

_ -2 6'd
Perit = AP +0.052 ppyqd +3.33 x 107" &4

where
Pmud = mud weight (1b/gal)

G' = apparent gel strength of mud (1b/100 ftz)

d = total depth to disposal aquifer (ft)
D = mean diameter of abandoned well (inches)
AP = possible brine-mud interfacial tension contribution

(psi)

In order to fully quantify this equation, more experimentation is required.
We propose doing experiments using larger diameter simulated borehcles with a
variety of well-defined non-uniformities in diameter, with fluid entry through
rock circumferentially as in a real well. We also will design an experiment
to directlv measure the contribution to P.rit defined above as AP.

In closing this preliminary report, we note the significance of the results
thus far obtained. For a borehole of 5000 f¢t. depth filled with mud of
minimal weight (P,,q = 8.16 1b/gal) and minimal gel strength (G' = 50 1b/100

2
ft ) we compute for a 9 inch diameter hole,
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Popit = AP + 2236 + 8.34

but if, as indicated by our data, the last term due to gel is increased four-
fold by hole irregularities, this is

Popit = AP + 2236 + 33.37

Now, since normal static aquifer pressure at 5000 ft. is about .437 x 5000 =
2185, we see that mud weight alone gives a tolerable pressure increase in the
aquifer of 2236 - 2185 = 51 psi and the gel adds more than half this amount to
the critical entry pressure. If this were a typical salt mud, G' would be
five times greater and the gel «contribution, with hole irregularities, would
be about 167 psi or more than three times the mud weight contribution.




Run 1

Core Radius
Pipe Radius

Length A
Length B
Length C

Ps
Ph
Pc

Run 2

G'/G =R =5.11

Core Radius
Pipe Radius

Length A
Length B
Length C

Pm
Ps
Ph
Pc

G'/G =R =5.05

Data and Results

in.

0.5

0.3125
24.409
11.5

4.53

psi

3.0
+0.8937

0.5966

3.89

psi

0.04475

in.

0.5 !
0.3125

14.6

12.0

3.94

psi

7.859
-0.533

0.5966
7.326

psi

0.08763

Ccm.

1.27

0.7438
62.0
29.2
11.5

in. Hg

~N
O N

1bs/100 sqg. ft (12 hours)

125.0
644.0

cm.

1.27

0.7438
37.0
30.5
10.0

1bs/100 sq. ft (12 hours)

250.0
1262.0

9B



Run 3
in. cm.
Core Radius 0.75 1.91
Pipe Radius 0.8125 2.06
Length A 11.4 29.0
Length B 26.0 66.0
Length C 6.5 16.5
psi in. Hg
Pm 3.438 7.0
Ps -0.418 -0.851
Ph 1.218 2.48
Pc 3.02 6.15
psi 1bs/100 sq. ft (12 hours)
G 250.0
G' 0.02816 405.0
G'/G=R =1.68
Run 5
in cm
Core Radius 0.75 1.91
Pipe Radius 0.8125 2.06 small pipe
Length A 12.2 31.0 radius =
Length B 33.9 86.0 0.3125 inch
Length C 3.54 9.0 (see sketch)
psi in. Hg
Pm 4,91 10.0
Ps -0.4476 -0.91
Ph 1.4059 2.86
Pc 4.,4643 9.1
psi 1bs/100 sq. ft (12 hours)
G 210.0
G' 0.04042 582.0

G'/G =R =2.77
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Run 6
in. cm.
Core Radius 0.75 1.91
Pipe Radius 0.8125 2.06
Length A 13.8 35.0
Length B 26.0 66.0
Length C 6.3 16.0
psi in. Hg
Pm 3.93 8.0
Ps -0.5044 -1.28
Ph 1.21 2.46
Pc 3.425 6.97
psi 1bs/100 sg. ft (12 hours)
G 130.0
G!' 0.03460 498.0
G'/G =R = 3.83
Run 7
in. cm.
Core Radius 0.75 1.91
Pipe Radius 0.8125 2.06
Length A 13.8 35.0
Length B 26.0 66.0
Length C 6.3 16.0
psi in. Hg
Pm 4.13 8.4
Ps -0.5044 -1.28
Ph 1.21 2.46
Pc 3.6214 7.373
psi 1bs/100 sq. ft (12 hours)
G 150.0
G' 0.03768 542.0

G'/G =R = 3.61
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Run 8 Small Pipe - no top constriction
in. cm.
Core Radius 0.5 1.27
Pipe Radius 0.3125 0.7938
Length A 21.65 55.0
Length B 9.84 25.0
Length C 3.05 7.75
psi in. Hg
Pm 6.1886 12.6
Ps -0.7925 -1.6135
Ph 0.4827 ‘ 0.9828
Pc 5.396 10.98
psi 1bs/100 sq. ft (12 hours)
G 195.0
G' 0.078 1123.0

G'/G =R =5.76

Run 9

in. cm.
Core Radius 0.75 1.91
Pipe Radius 0.75 1.91
Length A 20.866 53.0
Length B 22.441 57.0
Length C 5.906 15.0

psi in. Hg
Pm 3.438 7
Ps -0.7637 -1.555
Ph 1.062 2.162
Pc 2.674 5.444

psi 1bs/100 sg. ft (12 hours)
G 195.0
G' 0.02694 388.0

G'/G =R =1.99
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FLUID PROPERTIES

Density (g/cc) 1b/gal psi/ft psi/in psi/cm
Salt 1.0147 8.45 0.4394 0.0366 0.01441
Mud (Run 1) 1.0396 8.65 0.4498 0.0375 0.01476
Mud (Runs 2-7) 1.0444 8.70 0.4520 0.0377 0.01484

Mud Composition:
Run 1: 20 ppb bentonite, 3 ppb salt
Runs 2-9: 30 ppb bentonite

NOMENCLATURE
A,B,C Vertical dimensions of experimental set-up
T, Core Radius
r, Pipe Radius
hp Pipe Length
Pm Manometer pressure
Ps Hydrostatic pressure of brine reservoir
Ph Hydrostatic head of mud/brine over core

Pc Pressure at core face
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APPENDIX C

CASE STUDIES

FOR _ALL CASES

DEPTH = 5000 FT.

INITIAL PRESSURE = Py = 2200 PSI
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CASE T

EFFECTS OF SEALING FAULT BOUNDARIES AND WELL LOCATIONS

Group

Group 2,

Group

Group
Group

Group

I,

Only boundaries are varied

Same as Group 1 but with different injection well
location

Same as Group 1 and 2 but with yet another
injection well location

Same as Group 2 but with different K and h
Same as Group 1 but with K and h of Group 4

Complete pressure histories for all abandoned wells
for run Case I, Group 1, No. 2
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CASE I GROUP 1

FROFERTIES OF THE DISPOSAL ZONE
KXKAXEKKKKARKEXKKXE XX KX KK KKK KXXX KKK XX
COMFRESSIBILITY = 0.S00E-05 1/FSI

- PERMEABILITY = 300.000 tD
VISCOSITY = 1.000 CF
THICKNESS 0.0 FT

FOROSITY =0.200
KXXXXXXXXXXRE R XK KXXEXAXNXXKKXX KA XXX

FROFERTIES OF ABANDONED HOLES
EXXXKXKX KKK KK KKK KKE N KRR KKK RN K KKK KK KKK KA KKK AR KKK KKK
¥ ABANXWELL XDEFTH TO *DEPTH TOxMUD xGEL ¥CRITIC «x
¥ WELLXDIAMXDISF ZONEX*H20 ZONEXDENSITYXSTRENGTH FRESSU x
X X IN % FT X FT *LB/GAL X*LE/100FT2x FSI X%

KEKERXKEKKKKKK KKK KKK KKK KRR KK KKK KKK KK KA KRR KKK KKK KKK KKK KKK KK

X 1 x 9.6%x S000.00x 600.0x  9.000«x 100.00%x2513. 16%
2 X 9.6%x 3S000.00x 600.0x 9.000x 100.00%x23513. 16%
X 3 & 9.6%x S5000.00x &600.0%x 9,000x 100.00x2513. 16%
3 4 x 9.6%x S5000.00x% 600.0x  9.000% 100.00x2513. 16%
X S x 9.6%x 5000.00x &00.0x  9.000x% 100.00x23513. 16X
X 6 X F.6%x S000.00x 600.0x 9,.000x 100.00x2513. 1 6%
b 4 7 ¥ Q.6% S000.00x &00.0x  9.000% 100.00%x2513.16%
X B x 9.6%x S000.00x &600.0x  9.000x 100.00%x2513. 16%
b 4 9 % 9.6x SQ00.00x% 600.0x 9.000x 100.00x2513. 16%
X 10 x Q.6 S000.00x% &£00.0x 9.000x 100.00x2513. 16%
1222222222233 0002330322202 22 033323202 0322202¢082¢222302882

COORDINATES OF THE ABANDONED WELLS

WELL # X Y
XXX XK X FT. . FT.

1 S000.000 1500. 000

2 3000. 000 1000. 000

3 4400.000 3600. 000

4 6000.000 4000. 000

S 6500. 000 2500. 000

6 8000.000 4000. 000

7 9000. 000 2000. 000

8 7800. 000 6400. 000

9 9000.000 6000. 000

10 8000.000 7000. 000

COCRDINATES OF THE INJECTION WELL

X= 4000.000 Y= 2000.000 FT.
INJECTION RATE =3000. BBL/DAY
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CASE 1, GROUP 2

FROFERTIES OF THE DISFOSAL ZONE
1222200200222 20000 ReS S
COMFRESSIBILITY = 0.SQQE-0S 1/FSI

FERMEABILITY = J00.0Q00 ™MD
VISCOSITY = 1.000 CF
THICKNESS = 0.0 FT

FOROSITY =0.200
EXXXXXXXXXXXXIXXXAXMRXEXKR KR NKR XXX KX

FROFERTIES OF ABANDONED HOLES
XK K XK XK KK K K KKK K K K K KK 3K K K K K K XK K K K XK KK KK KK XK KKK K KK KK XK XOK Xk K
X ABANXWELLXDEFTH TO *DEFTH TOXMUD *GEL ¥CRITIC x
X WELLXDIAMXDISF ZONEXH20 ZONEXDENSITYXSTRENGTH XFRESSU X
X ¥ IN X FT X FT ¥LE/GAL XLB/10QOFT2x FPSI X

KEKKKKKKKEK KKK KKK KKK KKK XK KKK R KKK KKK KKK KRR KKK KKK KK KKK XKk X
600.0x 9.000x 100.00%x2513. 16%

X 1 x 9@.6x S000.00x

X 2 %X 9.6x S000.00X 600.0x Q.000xX 100.00%x2513. 16X
X T x 9.6 SO00.00K &00.0%x 9.000x 100.00x2513. 16X
X 4 % 9.6%x S0O00,00x% 00, 0% Q.000% 100.00%x2513. 16%
X S x 9.6%x S000.00x &Q00. 0%  9.000x 100.00x2513. 16%
X & X 9.6% S000.00x 600.0x  9.000% 100.00x2513. 16%
X 7 x @.6%x  FO00.00x &00.0%x  9.000% 100, 00%251Z. 16%
X 8 x 9.6X% SQ00.00x% 600, 0% 9. 000% 100, 00x2513. 16X
X ? X @.6%x S0OQ0.00X &£00.0%x  9.000x 100.00%x2513. 16%
¥ 10 x 9.6%x SO00.00X &00.0X  9.000X% 100.00%x2513. 16X
1 3 22 RSS20 223320030332 ¢0003 0020000002220 2220 2

COORDINATES OF THE ABANDONED WELLS

WELL # X Y

X XK KK X FT. FT.
1 SQQQ. 000 1500. 000
2 Z000Q. 000 1000, Q00
= 4400.000 T6QO. 000
4 &£000. 000 4000, Q00
5 &S00, 000 2500, 000
) 8000, 000 4000.QC0
7 F000. 000 2000, 000
=] 7800.000 6400, 000
9 F000Q. 000 6000 . Q00
10 8000, 000 7000, 000

COORDINATES OF THE INJECTION WELL

X= 2000.000 Y= 1S00.000 FT.
INJECTION RATE =S5000. BEL/DAY
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CASE I, GROUP 3

FROFERTIES OF THE DISFOSAL ZONE
EEXXKKEKKKKKEKAE KKK KL KK KKK X
COMFRESSIRBRILITY = 0.S00E-QS 1/FSI

FERMEAERILITY = Z00.000 ™MD
VISCCOSITY = 1.000 CF
THICKNESS = 3S0.0 FT

FORQSITY =0.200
XU KK KKK KKK RO XOR X KK KKK XX KK KKK

FROFERTIES OF ABANDONED HOLES
KKK K KKK KKK RKEKK K KKK KKK KKK IOK KKK KK KKK KKK KKK KKK KKK E KK KKK KK
¥ ABANXWELLXDEFTH TO *DEFTH TOxMUD XGEL ¥CRITIC «x
¥ WELLXDIAMXDISF ZONEXHZ0 ZONEXDENSITYXSTRENGTH XFRESSU X
X X IN x FT X FT XLB/GAL *LB/100OFT2x PSI X
KKK KK KK K KK KK K KKK KOK KKK KKK K KKK KRR K KKK KKK KK KM KK KK KKK KKK KX
F.6%x  S000.00XK 600.0%  2.000% 100,00x2513Z. 16X

X 1 X

X 2 % 9.6%  S000.00x% &O0O. 0% 9,000x 100.00%2513. 16X
X T % 9.6% S000.00X% Q0. 0% F.000% 100,00x28135. 16x%
* 4 % 9.4% S000.00% 600,.0%  9.000% 100.00%231Z. 16X
X S % 9.6% SO00.00X 00, 0% Q.000X% 100.00x%2513Z. 1&x%
X 6 ¥ 9.6% S000Q.00% 600,0%  Q.000% 100, 00%2513. 16%
X 7 X 9.6% IS0O00.00X &O0., 0% .000XK 100, 00%251Z. 16X
X B X P.46% SO00.00X &600.0% F.000X 100, 00%2513. 16X
X G X .6% TOOO,00X 600,0% 9.000x 100.00x2513., 16
X 10 % 9.6% SO0, 00X 600, 0% F.000x% 100.00%x2512, 16%
3K K K K K K K KK 3K K K 0K 3K K KK KK K KOK KK K 3K KK 30K K 0K KOk 3k K 3K K KKK KOO K K OK KO RX X

COORDINATES OF THE AEBANDONED WELLS

WELL # X Y
KEXXXXX FT. FT.
1 S000. 000 1500, 000
2 2000, 000 1Q00. 000
= 4400, Q00 TEO0 . Q00
4 OO0, QOO 4000, 000
= &EQO, QOO 2500, OO0
& g000. 000 4000, 000
7 QOOCO., OO0 2000, 000
8 7800, OO0 &HAO0, OO0
<Q QOGO , QG LHOOO, OO0
10 8000, OO0 7000, QOO0

COORDINATES OF THE INJECTICN WELL

X= &0, OO0 Y= Q00,000 FT.

INJECTION RATE =S000. BRL/DAY
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CASE I, GROUP 4

FROFERTIES OF THE DISFOSAL ZONE
1832330322830 33203 3003202220022 02828

COMFRESSIBILITY = 0.3500E-0T 1/FSI
 PERMEABILITY = 100.000 MD
VISCOSITY = 1.000 CpP
THICKNESS = Z00.0 FT
FOROSITY =0.200

AXKXXXKXEXXXKEK X AR XK KX KK KX XXX X XXX

FROPERTIES OF ABANDONED HOLES
3332382333383 8¢323332233333333233233332022322303 822338222228
¥ ABANXWELLXDEFTH TO %DEFTH TOxMUD *¥GEL XCRITIC x
X WELLXDIAMXDISP ZONEXH20 ZONEXDENSITYXSTRENGTH ¥FRESSU X
X ¥ IN x FT X FT XLE/GAL *LB/10QOFT2% PSI X

1 3223333322223 333332332223332333 232000203203 2320222222222

X 1 x 2.6%x 5000.00x% 600.0x 9.000x 100.00%x2513.16%
X 2 %X 92.6%x S000.00x 600.0% 2.000x% 100.00%23513. 16X
X 3 x 9.6%x S000.00x 600.0x 9.000x 100.00%2513. 16%
X 4 x 9.6%x S000.00x 600.0x 2.000x 100.00%x25135. 16X
X S x 9.6%  5000.00x 600.0x 9.000x 100.00x2513.16%
X 6 X 9.6 SC00.00X 600.0%x 9.000x% 100,00%2513. 16X
X 7 %X @.6% S000,00%x - 600.0%x 2.000% 100.00%25135. 16X
X 8 x 9.6 S000.00X 600.0%x 2.000x 100.00%2513. 16X
X 9 % 9.6% S000.00x 600,.0x 9.000X 100.00%x2513. 16X
¥ 10 x 9.6% S5000.00x 600.0%x  2.000x% 100.00%25135. 16X
3838822822322 222223322322 23203232323¢3 2220322280 2222¢0%

COORDINATES OF THE AEBANDONED WELLS

WELL # X Y

XXXKKX FT. FT.
1 SO00. 000 1500.000
2 Z000.000 1000, 000
= 4400.000 IL00.000
4 6000, 000 4000.000
] 6500.000 2300.000
& 8000. 000 4000.000
7 F0Q00. 000 2000.000
8 7800. 000 6400, 000
9 F000. 000 6000, 000
10 8000, 000 7000.000

COORDINATES OQF THE INJECTION WELL

1500.000 FT.
=5000. EBEBL/DAY

X= 2000.000 Y=
INJECTION RATE
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CASE I, GROUP 5

FROFERTIES OF THE DISFOSAL ZONE
KXKKKEKKERRKRKXKRX KKK EK KK KKK KKK RXXAXY

COMFRESSIBILITY = 0.S00E-Q0S 1/PSI
FERMEABILITY = 100,000 MD
VISCOSITY = 1.000 CP
THICKNESS = 300.0 FT

FOROSITY =0.200 _
2220052202220 328322 3223328233 3¢382%

FROFERTIES OF ABANDONED HOLES
*X*X****X********XX*X#**X*X*X***X*********X***X*i***!****
X ABANXWELLXDEPTH TO xDEFTH TOXMUD XGEL . ¥CRITIC x
¥ WELLXDIAMXDISF ZONEXH20 ZONEXDENSITYXSTRENGTH XFRESSU %
X X IN x FT X FT XLB/GAL. xLE/100FT2x PSI x

EEREEXEEEKE KKK IKE KK I KL KK KKK KK KKK KR KK KKK KRR KKK KKK
100.00%2513, 16x

X 1 x 9.6x S000.,00x 600.0x  9.000x

X 2 ¥ 9.6%x S000.00x 600.0x 9.000x 100.00%2513. 16%
¥ 3 x 9.6%x S000.00% 600.0x 9,.000x 100.00%2513. 16%
X 4 x F.6x S000.00x% 600.0x 9.000x 100.00x2513. 16%
X S X 9.6x S000.00x 600.0x  9.000x 100.00%x2513. 16%
4 6 X 9.6x 5000.00% 600.0%x  9.000x 100.00%2513. 16%
b ¢ 7 X 2.6%x S000,00x 600.0x  9,000x 100.00%2513. 16%
X 8 ¥ 9.6% S000.00x 600.0%x 2.000% 100.00x2513., 16%
X ? X 9.6x S000.00x 600.0x 9.000x 100.00%2513., 16%
¥ 10 x 9.6% S000.00x 600.0% 9.000x 100.00x2513, 16%
EEERKX KRR KRR KKK KKK KKK KKK KKK XK KRR KK

COORDINATES OF THE AEANDONED WELLS

WELL # X Y

KkkEXx FT. FT.
1 S000.000 1300.000
2 3J000. 000 1006G. 000
3 4400.000 J&600. 000
4 6000, 000 4000.000
S 63500.000 2200. 000
1) 8000. 000 4000. 000
7 F000.000 2000. 000
8 7800.000 6400, Q00
4 F000.000 6000, 000
10 8000. 000 7000, 000

COORDINATES OF THE INJECTION WELL

X= 4000.000 Y= 2000.000 FT.
INJECTION RATE =S5000. BEL/DAY

25C
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CASE I GROUP &6

FRESSURE HISTORIES
AT ABANDONLCD WFLLS
CASE I, GROUF 1, NO, 2

X!Xlt!t!!!!!tlltt!!!*X*XK!K!l!!!i!lt!tttii*!!tttt!ttttt!**tl!*!!tllltt!!tt!
WELL NUHEER
(FRESSURES IN FSI)
!!*lttt!!t!!!!!t!t!l!ltttttltlt!tt!tt!l!lRl!!!*tt!tit!!*l***##**!!l**l!ri*#

YEARS 1 2 R/ 4 S é 7 8 S 10
1.0 2480.0 2475.5 2441.5 2410.4 2425.0 2383.1 2383.4 2359.5 .0 2352,
1

4
2312.6 2508.1 2474,0 2443.,0 2457.5 2415.4 2415.7 2391.7 2386.1 2384.1

TIME

2.0

3.0 2531.6 2527.2 2493.0 2462.0 2476.6 2434.4 2434.7 2410.6 2405.0 2403.0
4.0 254S5.2 2540.7 2506.5 2475.5 2490.1 2447.9 2448.2 2424,0 2418.4 2416.4
5.0 2555.7 2551.2 2517.0 2486.0 2500.6 2458.3 2458.7 2434.5 2428.9 2426.9
6.0 2564.2 2559.8 2525,6 2494.6 2509.1 2466.9 2467.2 2443.0 2437.4 2435.4
7.0 2571.5 2567.0 2532.8 2501.8 2516.4 2474.1 2474.5 2450.3 2444.7 2442.6
8.0 2577.8 2573.3 2539.1 2508.1 2522.7 2480.4 2480.7 2456.5 2450.9 2448.9
9.0 2583.3 2578.9 2544.6 2513.7 2528.2 2485.9 2486.3 2462.1 2456.5 2454.4
10.0 2588.3 2583.8 2549.6 2518.6 2533.2 2490.9 2491.2 2467.0 2461.4 2459.4
11.0 2592.8 2588.3 2554.1 2523.1 2537.7 2495.4 2495.7 2471.5 2465.9 2463.9

2541.7 2499.5 2499.8 247S5.6 2470.0 2467.9

13.0 2600.6 2596.2 2561.9 2530.9 2545.5 2503.2 2503.6 2479.3 2473.7 2471.7
14.0 2604.1 2599.7 2565.4 2534.4 2549.0 2506.7 23507.0 2482.8 2477.2 247S5.2
15.0 2607.3 2602.9 2568.7 2537.7 2552.2 2510.0 2510.3 2486.1 2480.4 2478.4
16.0 2610.4 2605.9 2571.7 2540.7 2555.3 2513.0 2513.3 2489.1 2483.5 2481.5
17.0 2613.2 2608.8 2574.6 2543.4 23558.1 2515.8 2516.2 2492.0 2486.3 2484,3
18.0 2615.9 2611.5 2577.2 2S46.3 2560.8 23518.5 2518.9 2494.6 2489.0 2487.0
19.0 2618.5 2614.0 2579.8 2548.8 2563.4 2521.1 2521.4 2497,2 2491.6 2489.5
20.0 2620.9 2616.4 2582.2 2551.2 2565.8 2523.S 2523.8 2499.6 2494.0 24931,9
21.0 2623.2 2618.7 2584.5 2553.5 2568.1 2525.8 2526.1 2501.9 2496.3 2494,2
22.0 2625.4 2620.9 2586.7 2555.7 2570.3 2528.0 2528.3 2504.1 2498.5 2494.4

23,0 2627.5 2623.0 2588.8 2557.8 2572.4 2530.1 2330.4 2506.2 2500.5 24%8.S
2502.5 2500.5

24,0 2629.5 2625.0 2590.8 2559.8 2574.4 2532.1 2532.4 2508.2

25.0 2631.4 2626.9 2592.7 2561.7 2576.3 2534.0 2534.3 2510.1 2504.S 2502.4
26.0 2633.2 2628.8 2594.5 2563.6 2578.1 2535.8 2536.2 2511.9 2506.3 2504.3
27.0 2635.0 2630.6 2596.3 2565.3 2579.9 2537.6 2337.9 2513.7 2508.1 2506.1
28.0 2636.7 2632.3 2598.0 2567.0 2581.6 2539.3 2539.7 2515.4 2509.8 2507.8
29.0 2638,4 2633.9 2599.7 2568.7 2583.3 2541.0 2541.3 2517.1 2S511.4 2509.4
30.0 2640.0 2635.5 2601.3 2570.3 2584.9 2542.4 2542.9 2518.7 2513.0 2511.06
txxxttxxxttxtxtxxxx:ttxtttttttttx&xxxtxxxxxxxtxxxxxxxxtxxxxtxtxxtxtxxtxtxnx

12.0 2596.8 2592.4 2558.2 2527.2



32C

CASE 11
EFFECTS OF ABANDONED WELL PARAMETERS

Group 1, Only boundaries are varied, PCrit = 2668.9 psi

Group 2, Same as Group 1 but with Pcrit = 2409.16 Psi, "box"

boundaries omitted (all leaked early)

Group 3, Same as Group 1 but with Pcrit = 2322.58 Psi and a

different injection well location

Group 4, Two examples same as Case I, Group 1, No. 1 but

with a leaky shale aquiclude and PCrit values of

2365.87 and 2409.16 Psi respectively




CASE II, GROUP 1

FROFERTIES OF THE DISFOSAL ZONE
KKK 0K KKK KK KK 0K %0k K 3K KOk XK K KKK % K K X KK K X

COMFRESSIBILITY = O.S00E-0S 1/FS]
FERMEARILITY = I00.000 MD
VISCOSITY = 1.000 CF
THICKNESS = S0.0 FT

FOROSITY =0.200
KEXKKKEXKK XK KKK K KKK KKK KKK KKK KKK X

FROFERTIES OF ABANDONED HOLES
***X*****X*X**X*#********X****XX*X*X*X***X*****X***X**X**
X ABANXWELL XDEFTH TO XDEFTH TOXMUD *XGEL XCRITIC «x
X WELLXDIAMXDISF ZONEXHZ0 ZONEXDENSITYXSTRENGTH *FRESSU x
X ¥ IN x FT X FT ¥LE/GAL XLE/100FTZ%x FSI %
*X**X**X*X**X******XXXXX**X****XX***X*********X**XXX*****

X 1 X 2.6% S000.00% 600.0x%  B.4600% 230.00x2668. 90%
X 2 X 9.6%  S000.00x% 600.0x 8. 600x 250.00%2668.90%
X 3 X 9.6%  S000.00x 600.0x 8.600x 250.00%x26468.90%
X 4 X P.6%x  S000.00x 600.0% 8. 600x% 250.00X2668. 0%
X S X P.E6x SO000.00% 600.0x  8.600x% 230.00%x2668.90%
X 6 X F.6x SO00.00x% 600.0x  8B.&00x 230.00%2668.90%
X 7 X 9.6%x S000.00x &00.0% 8.600% 230.00x2668. 90%
X 8 % 9.6%x S000.00x% 600.0x  8.4&600x% 230.00%x2668.90%
X 9 X P.E6x  SO000.00% 600.0% 8.600% 230.00x26468.90%
X 10 X 9.6% S000,00% 600.0%  8.600% 230.00%2668. 90%
XX**XX*X*******X**X**X*XX****X*X**X****X****X****X***X*X*

COORDINATES OF THE ARANDONED WELLS

T S S e e . s i e o e o e e S . . . e i e i . . e e

WELL # X Y

XXXKKX FT. FT.
1 S000, 000 1500, 000
2 J00Q0, 000 1000.000
z 4400.000 THQQ. 000
4 6000, 000 4000, 000
S 6500, QOO 2800, 000
& 8000. 000 4000. 000
7 FQO0, OO0 2000, 000
g8 7800, 000 &E400, 000
4 OO0, Q00 L0000, QOO
10 80Q0. GO0 7000.000

COORDINATES OF THE INJECTION WELL

X= 6000,000 Y= I000.000 FT.
INJECTION RATE =S000. BEL/DAY
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CASE II
FROFERTIES OF THE DISFOZAL <OME
X#ﬁ#*****i*#**ﬁﬁ#*#%**Xﬁﬁﬁﬁ%#kﬁ##é%
COMFRESSIBILITY = O.I00E-0S 1/FST
FERMESBILITY = I00.000 MD
VISCISITY = 1.000 c#
THICEMESS = S9.0 FT

FORCZITY =0.200
**X%***#X*#X*X#X*#**K*K*X**K#*ﬁ**#*

FROFERTIEZ OF THE FRESH WATER ZONE “
*##X*X#XX*XX***#**#X**X#####K#**#**
COMFRESSIBILITY = O.100E~33 1/FSI

FERMESBILITY = 3I&.0G0 MD
VISC3SITY = 1.000 CF
THICENESS = S0.0 FT

FOROSITY =0.200

FROFERTIEZ OF THE SHALE LAYER
KREKKKKKRRRKR KK KAKR KKK S KA KRR

SHALE FERMEABILITY =0.10000E~0D2 ™MD

SHALE THICKNEZS = 1.0000G0 FT

FROFERTIES OF ABANDONED HOLES

Xx***X****#***#*X*##**X*XX**#*XXX*#**##*X#K*###*****K*Xﬁ*
¥ ABANKWELL ¥DEZTH TO XDE=TH TO¥MUD ¥GezLl ¥CRITIC «x
¥ WELL¥DIAMADISF ZONE*HZO ZONEXDENSITYXSTRENGTH XFRESSU %
X ¥ IN X FT b 4 FT ¥LEB/GAL XLE/100FTZX FSI &
x*xxxxxxxx*x*x*xx*x*xx*xxxxx*xxxxx*x*x*xxxx*x*xxx#:x#**mx
X 1 X 2.6%  S000.00% Q0. 0% 8.400% TE.00XITES.3TX
X 2K Q.6% SO0, 00k 600, 0% B8.&600x% 73.00¥23485.87x
X I K .ok SO00.00K GO0, 0% B.500% FASPRNIOE St Yol g
X 4 X .6%  TOO00.00% 00,0k 8.&600x% 73.00X23T685.87x
X Sk F.bk SO00.00% 600.0%  8.600% 73.00%2T4S.87%
X & % F.6%x SO00.00X &UO. 0% B.600% 73.00%2T7465.87%
X 7 % 9.6k S000.00% 000K B.&00X 7S.00%2T85S.57%
X B x 9.6k S000.00% GO0, 0% 8.600Gx% 73.00%2T&T.68Tx
X 9 X Q.5k SO00.00K SL0.0K%  B.&00X TS.O0XZTES.BT K
X 10 ¥ R.46%  S000.00K 6OO.O% 8. 600% 73.00k2T45.87%
X#*X*X***#***X*X*#**X*X*X#*X**X*####***#**X#**%###*#**K*K

COORDINATES OF THE AEANDCONED WELLS

T e o o v o e o sttt s e s e . i e e . . e it ot et . . e e

WELL # X Y
XEXKKK FT. FT.

1 SA00. 000 1500, 000

2 ZO00Q, 000 1000, 000

3 4400,000 TEQ0, 000

4 00, OO0 4GO0, 000

S ST, QGO 2200, 000

& EOOOQ, OO0 L300, SO0

7 PO, SO0 2000, 000

a8 TEOO OO0 H3COQ, OO0

] QOO OO0 SICHL OO0

17 SODa an TN SO

43¢
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CASE II, GROUP 4

FROFERTIES OF THE DISFOSAL ZONE
***********X*X*ﬂ***********5*******
COMFRESSIEILITY = Q.SO0E-0% 1/FSI

CFERMEARILITY = 300.000 ™MD
VISCOSITY = 1.000 CF
THICENESS = S0.0 FT

FORCSITY =0,200
KK KKK KKK KK KKK KK KK KKK KK KK K OK K K X K KK K X

FROFERTIES OF THE SHALE LAYER
FORRKKKEKKKKKKIRKK KKK KKK KKK KRN X

SHALE FERMEARILITY =0.10000E-02 MD

SHALE THICKNESS = 1.00000 FT

FROFERTIES OF AEBANDONED HOLES
*X**X******X******X*****X*X****X*****X***X***********X***

¥ ABANXWELLXDEFTH TO *DEFTH TOXMUD ¥GEL ¥CRITIC «x
¥ WELLXDIAMXDISF ZONEXHZO ZONEXDENSITYXSTRENGTH XFRESSU x
X ¥ IN x FT X FT ¥LE/GAL %LEB/1OOFTZX FSI X
******X*X******X**X*********X*X*X*#X**X*****X****#X******
X 1 % 9.6%x S000.00x 600.0% 8., 600% 73.00%2365.87«%
X 2 X 9.6%  SOO00.00% 600.0%x 8.600% 73.00%2265.87x
X I X F.ex S5000.00% &E00.0% B, 600X 73.00%2T65.87x
X 4 % F.6x  SOO00.00% 600.0%  8.600% 73.00%2T65.87x
X S K F.6x SO00., 00X 600.0%  8.600x 73.00%2765.87x
X 6 X F.6%  SO00,00X 600.0%  B.600% 73.00%2765.87%
X 7 X 9.6%x S000.00x% Q0. 0% 8,600% 73.00%x2T65.87%
% B X .6 S000.00% 600. 0%  8.600x 73.00%2765.87x%
X T Xk F.6%x  SO00.00X 600.0%  B.600X 73.00%2T65.87«%
¥ 10 X 9.6%  SOQ0O.00% 600, 0%  8.&600% S.00X2TL5.87%
*xxx**x**xx**xxx****x*x*x**xx***x*x**x*****x***xx******xx

COORDINATES OF THE AEBANDONED WELLS

WELL # X Y
XXX KKX FT. FT.

1 SOQ0. 000 1S00.000

= OO0, 000 1000, OO0

= 44800, 000 TE0Q, OO0

4 HQQO, OO0 4300, OO0

e} EFTO0 . OO0 2500, 000

& QOO ., OO0 4000, Q00

7 QOQQ. Q00 2000, 000

8 7800, 000 L4000, OO0

Q QOOO. OO0 OO0, OO0

10 SO00, OG0 TOOO, OO0

X= 4000.000 Y= 2000.000 FT.
INJECTION RATE =5000. BEL/DAY
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CASE III

FROFERTIES OF THE DISFOSAL ZONE
*xxxxxxxxxxx*****xx****x*xx*xxx*xxx

"COMFRESSIEILITY = Q.800E-05 1 /FSI
FERMEABILITY = Z00. 000 ™MD
VISCOSITY = 1.000 (e
THICKNESS = S0.0 FT

FOROSITY =0.200
XXXX**XXXXX*X*X*XX*XXX**X****!X*X*!

FROFERTIES OF AEBANDONED HOLES
****X**X*X**X*X**X*XX*X*XX**XX*X*******X******X*X********
X AEANXWELLXDEFTH TO XDEPTH TOXMUD XGEL ¥CRITIC x
¥ WELLXDIAMXDISF ZONEXHZ0 ZONEXDENSITYXSTRENGTH XFRESSU x
X ¥ IN x FT X FT XLE/GAL XLE/100FT2% PSI x
*X*******X*******XXX****XX***X*****XX*********X*X*******X
F.6%  S000,00% 600.0% 9,000x% 100.00x%x25132. 16x

X X

X 2% 2.6%x SO000.00% 600.0x  9_.000% 100.00x2513., 16%
X I X F.6x SO00.00x 600.0%x  2.000% 100.00%x2513. 16%
X 4 x 9.6% S000.00x% 600.0%  9.000% 100.00%x2513. 16%
X S X% 9.6%x  S000,00x 600, 0% 9_.000% 100.00%x2513. 16X
X & X 9.6%  SO00,00% 600.Q0%  Q,.000% 100.00Xx251Z, 16%
X*X*X*XX*X****X*****X**X*X**X*XX*XX**X****X***X*X*****X**

COORDINATES OF THE AEANDONED WELLS

WELL # X Y

K ¥ X KK X FT. FT.
1 SQ00. 000 1S500. 000
2 Z000. 000 1000.000
3 4400. 000 2600.000
4 J000. 000 -1000.000
5 4000, 000 -2500. 000
& S000., 000 -S00.000

COORDINATES OF THE INJECTION WELL

= 4000.000 Y= 2000,.000 FT.
INJECTION RATE =S000. EEL/DAY
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Group

Group

Group

Group

Group

Group

Group

NOTE:

CASE 1V
EFFECTS OF LEAKY SHALE AQUICLUDES

1, Comparison of leaking and non-leaking shale aquicludes

for 45° fault angle case
2, Effect of boundaries on leaky-shale case

3, Same as Group 2 but with different injection well
location

4, Same as Group 3 but again a different injection well
location

5, Two runs, same as Group 2, No. 1 for a shale thickness
of 5.0 and 10.0 ft respectively
6, Same as Group 1l -above but with PC changed from

2513.16 to 2322.58 Psi rit

7, Same as Group 6 but with Pcrit set to 2668.9 Psi
An artificially large value for shale permeability Ks,

and a small value for shale thickness, hs’ were used in

these examples in order to demonstrate large effects of
shale leakage on pressure response for illustrative

purposes.,




CASE IV, GROUP 1

FROFERTIES OF THE DISFOSAL ZONE
*x*xxxxx*x*xtxxx*x*x*x*»*x*x*xzx*xx
COMFRESSIERILITY = O.SO00E-D5 1 /FSI

FERMEAERILITY = 100,000 MD
VISCOSITY = 1.000 CrF
THICHNESS = Z00.0 FT

FOROSITY =0.200
*******XX*X*X*X**KK****************

FROFERTIES OF THE SHALE LAYER
X*****X***X*X**X*X***********

EHALE FERMEARILITY =0, 10000E-02 MD

SHALE THICKNESS = 1.00000 FT

FROFERTIES OF ABFANDONED HOLES
XX******************X*X**X****X*****X*X**X***************

X ABANXWELL ¥DEFTH TO ¥DEFTH TOxMUD XGEL ¥CRITIC x
¥ WELLXDIAMXDISF ZONEXH20 ZONEXDENSITY*STRENGTH XFRESSU %
X ¥ IN ¥ FT ¥ FT XLE/GAL XLE/100FT2%x  FSI *
x*x*xx*xxxxx**x**x***x**xx*x***x*xx***x**x*xxxx*x*x**x*xx
X 1 % @6 S0O00,00x% SOD.0% 9. 000% 100.00*2513.1&*
X 20X F.6%  SO00.00K V0. 0% Q000X 100G, 00x2513, 15%
X I X 9.6% 500G, 00% GO0, 0% Q.000x% 100, 00x2517, 16%
X 4 X F.4% SO0G.00x% OO0, 0% 9. 000% 100, 00%2513, 146%
X S ¥ Q.&% 0 SO00.00K &00,.0%  Q.000% 100.00%2517, 16X
X & X FLEX SO00. 00X AV 0% 9, 000% 100, 00%2517, 156%
X 7 X FLEF S000.00% LO0. 0% P,000% 100, 00%2512, 146%
X B X% 2.6% S000,00x% 600.0%  9,.000x% 100, Q0%X2S17, 16%
¥ P X FLEE SO00.00% LTO.OX G, 000% 10O, 00X2S13Z, 16%
X 10 % Q.6%  SO00.00% EQALOK Q. 000% 120, 00%2513, 146x%
**x*x*x*x**xx***xx****w**xxx*x*t**x**xx*x***xxx**x**x»*x*

COCRDINATES OF THE ABANDONED WELLS

WELL # X Y
XXX Aok ¥ FT. FT.

1 SaQ0, QOO0 1500, 000

- 000, 000 1000, 000

IR 448400, 000 THO0, 000

4 EQQO, GO 4OCO, GO0

= ETOQ, OO0 2500, OO0

& BOOO, OO0 4300, 000

7 QOGO OO0 2000, 000

g 7800 . 000 &4OC0, OO0

4 QOAC, GO0 SEO0CQ, GO0

16 SOOO., 000 OO0, OO0

X= 4000.000 Y= 2000.000 FT.
INJECTION RATE =5000. BEL/DAY
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CASE IV GROUP 2

FROFERTIES OF THE DISFOSAL ZONE
L 2S00 2022000332202 8000232283330F82¢

COMFRESSIERILITY = Q.SO0E-05 1/FSI

CFERMEABILITY = 100.000 MD
VISCOSITY = 1.000 CP
THICKNESS = Z00.0 FT

POROSITY =0.200
1922222222332 33202532023232333333333873"

FROFERTIES OF THE SHALE LAYER
KEXKKKKXKKXXXKXKKEX KK KX KKK K KX

SHALE FERMEABILITY =0.10000E-0G2 MD
SHALE THICKNESS = 1.00000 FT

FROFERTIES OF AEBANDONED HOLES
KEKKKXKEK KKK KKK KKK KKK KKK KKK XK KKK KKK KKK KKK KKK KKK KKK KKK

X ABANXWELL XDEPTH TO *DEPTH TOxMUD XGEL *CRITIC x
X WELLX*DIAMXDISP ZONEXH20 ZONEXDENSITYXSTRENGTH XFRESSU x
X ¥ IN x FT x FT XLB/GAL xLB/1QOFT2x PSI «x

KKK X KKK KK KKK K K K K K KK K KK KK K K KK JOK0OK XK K K KK K XK K KK KKK KK KKK XK KK X X

X 1 X 9.6%x S000.00x% 600.0x  9.000x 100.00%2513. 16%
X 2 % 9.6  S000.00x &00.0%x  2,000x 100.00x2513. 146%
X I X 2.6 S000.00x 600.0x 9.000x 100.00x%x25132. 146%
X 4 ¥ 9.6%x S000.00x 600.0x  9,000x 100.00x%x23513. 16%
X S % 9.6 S000.00x 600.0x  2,000x 100.00%x2513., 16%
X 6 X 9.6%x S000.00x &600.0x  9.000x 100.00%x2513. 16X
X 7 %X 9.6x S000.00x | 600.0%x 9.000x 100.00%x2512. 16%
X B x 9.6 5000.00x 600,0%x  F.000x 100.00x25132. 16
X 9 x 9.6% S000.00x 600.0x 9,000x 100.00%x2513. 16%
X 10 x F.6% SO00.00% 600.0%x  F.000x 100.00x251Z. 16X
S S 2202222020223 3038233338303 38333333 333232883320

]

COORDINATES OF THE ABANDONED WELLS

e —— " — - —— T 2 — ————— — — — -~ —— —— " — —— > S st "

WELL # X Y
XXXKKXX FT. FT.

1 SOQ0.,. 000 1500, 000

2 ZO0OO0. 000 1000. 000

= 4800, QOO0 J600.000

4 EQQQ., OO0 4000, 000

S 6500 . 000 2800.000

& 80OQ, OO0 4000, 000

7 OO0, OO0 2000, 000

8 7800, 000 L4400, 000

k4 QOO0 . QOO OO0 . QOO0

10 8000 . 000 7000, 000

COORDINATES OF THE INJECTION WELL

X= 2000.000 Y= 1S00.000 FT.
INJECTION RATE =S000. EBEL/DAY
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CASE IV, GROUP 3
FROFERTIES OF THE DISFOSAL ZONE
33K KKK KK K KKK KKK KKK KKK KKK KKK KK X

COMFRESSIEILITY = 0.S00E-0S 1/FSI
FERMEABRILITY = Z00.000 ™MD
VISCOSITY = 1,000 CF
THICKNESS = S50.0 FT

- FOROSITY =0.2Z00
XK KK K K K K K K K KKK KKK KK KK KK KKK KKK K X KK X

FROFPERTIES OF THE SHALE LAYER
K KX K KKK KKK K KOK K OK K XOK K OXOR KR XOR XXX

SHALE FERMEABILITY =0.10000E-02 MD
SHALE THICENESS = 1.00000 FT

FROFERTIES OF ABANDONED HOLES
3 e8¢ 233333333323200322223000002003 2220002
¥ ABANXWELLXDEFTH TO DEFTH TOXMUD XGEL *CRITIC x
¥ WELLXDIAMXDISF ZONEXHZ0 ZONEXDENSITYXSTRENGTH ¥FRESSU X
X x IN x FT X FT *LB/GAL XLB/100OFTZXx PSI X

2333328233232 222322 2333222223332 3222222222222 2200002

X 1 x 9.6% S000.0Q0x% 600, 0% 9.000% 100.00%2513. 16%
L8 2 ¥ P.6%x S000.00x 600,0%x  9.000x% 100,00%2513. 16%
X T X 9.6% S000.00X 600.0%  F.000% 100.00%2512.16%
X 4 % 9.6% S000.00X 600,.0%x Q.000% 100,00%2513. 16%
X S X 9.6 S0O00,00X &00.0%x  92.000% 100.00%x2513. 156X
X 6 ¥ P.6%  T000.Q0X 600.0% 9.000% 100.00x2512. 16%
* 7 X F.6% S000.00X Q0. 0% 9,000% 100.00%2513. 16X
X 8 ¥ 2.&6% S0Q00.00X 600.0% 92,000X% 100, 00%2517. 16%
X 9 % P.6%x SO00.00x 600.0%  Q.000% 100.00%25132. 16%
X 10 x 2.6x S000.00x 600.,0x 9.000% 100.00%2517%, 16%
KK K K 3K K 3K 0K 3K 2K 3K 3K K KK K K KK KK KKK KK KR KK KK KK KKK KK OKK OO KR XK XK XXX X

COORDINATES OF THE ARANDONED WELLS

WELL # X Y
X KX X KX FT. FT.
1 SOQO., 000 1500. 000
2 TOO00, 000 1 OO0, OO0
= 440Q0.000 T600.000
4 &OOO, OO0 4000 . QOO0
5 &S00, 000 2500, 000
1= 8000 . 000 4000, Q00
7 FOOO, QOO0 2000, 000
a8 7800 . 000 &£400, OO0
9 Q000. 000 HOQ0 . 000
10 OO0, OO0 7000, OO0

COORDINATES OF THE INJECTICON WELL

X= 4Q00.000 Y= 2000.000 FT.
INJECTION RATE =S5000. BBL/DAY
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CASE IV GROUP 4

FROFERTIES OF THE DISFOSAL ZONE
AR XX XXX RA X KX XXX KX RN RE XL

COMFRESSIEBILITY 0.SO0E-0S 1/FST

o

FERMEARILITY 300.000 MD
VISCOSITY = 1.000 crp
THICKNESS = SQ.00 FT

POROSITY =0.200
X!!!!l!!!!l!!tlltt!!!!!!!l!**!!*t!x

FROFERTIES OF THE SHALE LAYER
xxxxxtxxxxxxtxxxxxxxxxxxxxxxx

SHALE FERMEAERILITY =0. 10000E-02 ™MD
SHALE THICKNESS = 1.00000 FT

FROFERTIES OF ABANDONED HOLES
xxxxxxxxxtxxxxxxxxxxxxxxxxxxxxxx

¥ ABANXWELL XDEPTH TQO XDEPTH TOxMUD XGEL XCRITIC x
¥ WELLXDIAMXDISF ZONEXH20 ZONEXDENSITYXSTRENGTH ¥PRESSU x
X ¥ IN x FT X FT ¥LB/GAL *LEB/100FT2x PSI «x
xxxxxxxxxxxxxxxxxxxxx*ttxxxx:xxxxxxxxxxxttxxx*xxxx*xxxxxx
X 1 ¥ 9.6x S5000.00x% 600.0x  9,000x 100.00x2513, 16x
X 2 ¥ 9.6 S000.00x - 600.0x  9.000x 100.00x%x2513, 16x%
b ¢ S X P.6%  S5000.00x 600.0x  9_,000x 100.00%x2S13. 16%
X 4 X 9.6 S000.00x 600.0x  9,000x 100.00x%x2513. 16%
X S X 9.6% S000.00x 600.0x 9,000x 100.00x2513, 146x
x 6 X 9.6 S000.00x% 600.0x 9_000x 100.00x%x2513. 146
X 7 X 9.6 S000.00x 600.0x  9_,000x 100.00%2513, 16
4 B X 9.6x S000.00x% 600.0x 9.000x 100.00x2513, 16%
X ? X 9.6 S000.00x 600.0x  9,.000x 100.00x%x2513. 16x
X 10 x 9 4x S000.00x 600.0x 9,000«x 100.00%2513. 14x
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxtxxxxxxxxxxx

i

COORDINATES OF THE ABANDONED WELLS

__.———-_—_._——.—.——-._..-—-———-—_—_—_————_

WELL # X Y
XX KKK X FT. FT.

1 SQ00. 000 15300. 000

2 Z0Q0. 000 1000, 000

z 4400, OO0 J&00.000

4q &EOQ0, QOGO 4000.,000

5 6E00. 000 2300.000

& 8000. Q00 4000, 000

7 FO00. Q00 2000, 000

8 7800. 000 L4000, 000

9 QOQO., OOO 6000, 000

10 8000, 000 7000, 000

COORDINATES OF THE INJECTION WELL

= 2000000 VY= 130G0,.000 FT.
INJECTION RATE =S000. EEL/DAY

71C



72C

T "ON ‘% JNn0¥9 ‘Al
1334 40 SANVYSNOHL

0t 6 8 [ 3 q h ¢ VA T
+ $ } } } } } } $ $
z
° !
3 VAT ON
mw VAT ON AVA/199 0005 = O
AVAT ON ¢ " C
O
AVAT ON
c ¢
M<%w ON
9 Y
O O SYVIA 0€ = AWLL TVIOL b
AVAT ON MYAT ON
3110
¥sd g1-¢ig7 = d
11 0'T = sH e
W Z0-4T* = SM
6 dTVHS VA1
0 -9
AVAT ON mw 007" = ¢
13 00°09 = q
VAT ON M 00°00c= M
5
YAITNOV ALINTANI -/
VAT ON

1334 40 SANVSNOHL




73C

¢ "ON % dno¥s ‘A1 asvH
1334 40 SANVSNOHL

o1 6 8 L 3 q h ¢ ¢ T
+ " ” “ « “ —t “ . .
AYVANNOg v )
.
£89°1= T3 [
¢ &
/ £69°6= 13 AvVa/194 000§ = 0
° T2
MVAT ON c
9]
VAT ON
~
¢
2 S
..H m
Log 61 = 12 umv
5 3 it e - ey L, 6
VAT ON AVAT ON ITTEIsT = d 9
SUVEL 0 = EWIL "VLOL -
ian ]
14 0°T = uy L9
AW Z0-4T1°0 = SN 4
| ATVHS XAV
I3
O 007" = ¢ +9
AVAT ON g e
o L4 0°05 =
WA on N 0°00¢ = Y
or
o ATONV 1'INVA L0871 1,
. . - i
W ON YAIINOV ALINTANL - INES Fi




74C

01

4

€ "ON ‘% JNOo¥9H ‘AT :
1334 40 SANVSNOHL

L ad
e
o

[ N3

£26°1= 12

-
-
e
-
e

4
®
T £v6:0=Ta
.—
q
§. &

AVA/144 0006 = O

o
n
P ]

.Lﬁ
I

£66°0 = 3

uwuu
® 84 gr-grg7 = d

SYVAX 0 = AWIL 1VLOL
4 0°T = B
X 20~-41° = SY
dTVHS ARAVA'1
002" = ¢
14 0706 = H
W 0700 = A

ATONV 17INvVd ,06
HAJ IOV ALINIANI-IRES

1334 40 SANVSNCHL




75C

7 CON ‘% dNo¥d ‘Al asyd
1334 40 sanvsnoHy

01 6 3 [ -9 q h ¢ ¢ [
+ " ' “ : i ¢ “ " “
AYYANNOg
¢
T £0g 0= T [
o
gg0= N »nw
é Ava/18¢ 0005 = o
: 1 T¢
£26°0 = 3 g
.
4gg o= 7
e M .
£ x
® q &
9 ; A9g+g = | P9 91-¢167 = a0 m
e, SUVAX 0€ = AIL V1oL  + oo
£16°0 =
S
14 0°T = ny ok
W Z0-4T1° = gy |
g
TIVHS AWVA'T
6
® 9 002" = ¢ 9
Ag6T0= 1 ® 14 0705 = §
krg0 = AW 0°00€ = ¥
(
° TNV LIVl o5y | /
fe6 0~ T WAAINOV ALINLANL - INAS




76C

S TON ‘% dno¥D ‘Al A
1334 40 SANVSNOHL

1 6 8 L 3 q h ¢ VA T
+ ¢ } ! ! } ¢ 1 } }
AYVYANNOd
o
. o6 = T 1
o »Nw
hggt = Ty
% AVA/199 0005 = 0
+ N
£r6* =N c
o
g =
4 m l
¢ S
! ® G
! 9 AL = LS 3710 =
! . é : 18d g1 ¢167 = d 6
ﬂ% 1 o T 3 w
3= £96° = fcgr = h SUVEA 0 = AWIL TVLOL & Q
Om m -
ot Id 0°T = W = n
v aW Z0-3T* = S < M
« 1
_ ATVHS ANVAT
6 00z = ¢
o . o Ld @.@m = H +9
Agg: = 13 ® N 0700t =
e = Ld 000°G7 =  HIAIM
0L Id 000°67 = HIONAT
¢ T — AYVANNOEG -~~~ YAATAOV MVINONVIORY T /
486° = 3 Id 00081




CASE IV, GROUP &
FROFERTIES OF THE DISFOSAL ZONE
KRR K KK XK KKK KOK KK X0 KKK K KK KK K XK K K X K K K

COMFRESSIEILITY = 0.S00E-Q0S 1/FST
FERMEARILITY = 300,000 MD
VISCOSITY = 1.000 CF
THICKNESS = S0.0 FT

o FOROSITY =0.200
Hxxx*nr*uumuxunmmuuxmu

FROFERTIES OF THE SHALE LAYER
KKK KKK KK KKK KK KK X KK XK SOK XK KK X

SHALE FERMEABILITY =Q. 10000E-02 ™MD
SHALE THICKNESS = 1.00000 FT

FROFERTIES OF AEANDONED HOLES
****X****X*X*****XX****X**XXX*X*XX*X*****X*X*X**********X
X ABEANXWELLXDEFTH TO %DEFTH TOXMUD *xGEL XCRITIC x
¥ WELLXDIAMXDISF ZONEX*HZO ZONEXDENSITYXSTRENGTH ¥FRESSU x
X X IN x FT X FT XLB/GAL *LE/100FT2Xx PSI %

****X**X***X*X*****X****X*X***X***X*X*XXX*****X******X***
100, 00x2513, 16x%

X 1 X 9.6% S000.00x 600.0%X  9,000x

X 2 % F.46%  S000.00% &00.0%  9,000x 100.00%2517, 16%
X 3 X F.EK SO00.00% 600.0% 9,000x 100.00X2513. 146%
X 4 X ?.6% SO000.00x 600.0%  9,000% 100,.00%x2512. 16%
X S X Q.6% S000.00% EQO0. 0% 9, 000x% 100, 00%2517, 16%
X & X FobEx S000.00x% 600,.0%x  ,000x% 100.00x2513, 16%
X 7 X 9.6% S000.00X 600.0X  9,000x 100.00X2S1T. 16%
* 8 X 9.46% S000.00x% GO0, 0k 9,000 100, 00x2517, 16%
b 4 T X Q. S000.00x% 6Q0.0% 9_.000x% 100.00%x2513, 16
X 10 %X 9.6%  SQ00.00% 600.0%x  9,000x% 100,00%x2517, 16%
x*xxxxxxxxxxxx*xxxx*xx*x*xxx*xxxxxx*x*x*xxxxx****x*x*xxx*

COORDINATES OF THE AEANDONED WELLS

WELL # X Y

XK KX KX FT. FT.
1 SO00. 000 1500, 000
2 Z000, OO0 1000, 000
= 4400, OO0 Z600,. 000
a 000, OO0 4000, 000
5 6500, 000 2I00. 000
& 8000, 000 4000, 000
7 FOOQ., Q00 2000, 000
8 7800, OO0 &E400, OO0
? QOQQ, OO0 6000, 000
10 BOQO, GO0 7000, 000

COCORDINATES OF THE INJECTION WELL

X= 3000.000 Y= 1500.000 FT.
INJECTION RATE =5000. EBL /DAY
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CASE IV, GROUP 6

FROFERTIES OF THE DISFOSAL ZONE
HCKKOK MK KKK K 30K K K KK K KK K K K K KKK XK K XK X X

COMFRESSIBILITY = O.S00E-0S 1/FPSI
FERMEARILITY = Z00.00Q0 MD
VISCOSITY = 1.000 CF
THICENESS = S0.0 FT
FOROSITY =0.200

KK KOK KK KKK KKK XK XK 0K K XK K K KKK K KOk Xk X X X

FROFERTIES OF THE SHALE LAYER
KXKXKKKK KKK KKK KK KR KK KKK KA KKK

SHALE FERMEABRILITY =0.10000E-02 MD
SHALLE THICKNESS = 1.00000 FT

FROFERTIES OF ABANDONED HOLES
KKK KK KKK XK OK KK KK KK KK KKK X KKK K K KKK KKK KKK KKK X KKK XK KKK X KKK K
¥ AEANXWELLXDEFTH TO %DEFTH TOXMUD XGEL XCRITIC x
* WELLXDIAMXDISF ZONEXHZ20 ZONEXDENSITYXSTRENGTH XFRESSU
X ¥ IN x  FT X FT  XLB/GAL XLE/100FT2% FSI X

KXKKEKKKKKKEKKK KKK KKK KKK KKK KE KK KKK KKK KKK KK KKK K KKK KKK KKK KK

X 1 x 9.6% S000.00x 600.0%x  8.600x S0.00%2T22.58%
X 2 % 9.6%  SO00.00X 600.0% 8. 600x S0.00%x2T22.58x%
X I X Q.6%  S000.00% 600.0% 8.600x S0.00%2322.58x
X 4 %X Q.6% SO00.00X% 600.0% 8.600% S0. 002322, 28x%
X S X 9.6% S000.00x 600.,.0% 8.600x S0.00x2322. 58x
X 6 X F.6% S0OGO.00% 600.0%x B8B.600x S0.00%2322.58%
X 7 %X 9.6% S000,00x% &00.0%x 8.600% S0.00%x2322.58x%
b § 8 x 2.6 S0O00.00x% 600.0X 8. 600X S0.00%x2T22.58%
X T X 9.6% S000.00x 600, 0%  8.600% S0O.00X2322.58%
¥ 10 x 9.6%  SOO00.00X 600,0% B.600x% S0.00x2T22. 58x
3K KKK K KKK KK KK KK 30K KK KK KKK K K KKK KKK K K K K K K K 3K 3K 3K K K 3k 3K ok 2k 3 K 3K K K ok K K X

COORDINATES OF THE ABANDONED WELLS

WELL # X Y

KKK KKK FT. FT.
1 SO00. Q00 1500.,.000
< J000.Q00 1000. 000
3 4400, 000 J600. 000
4 SOQ0. OO0 4000, 000
b &S00, GO0 2500.000
& 8000, 000 4000, Q00
7 QOQO, OO0 2000, 000
g 7800, 000 &£400, 000
9 FO00.000 6000, 000
10 8000, 000 7000, 000

COORDINATES OF THE INJECTION WELL

X= 4000.000 Y= 2000.000 FT.
INJECTION RATE =S000. BEL/DAY
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CASE IV, GROUP 7

FROFERTIES OF THE DISFQOSAL ZONE
KKK KK KK KK KKK 0K KK KK K K K K0k KKK XK OK K K X X
COMFRESSIEILITY = 0.S00E-0S 1/FSI

FERMEARILITY = Z00.000 MD
VISCOSITY = 1.Q00 CF
THICKNESS = S0.0 FT

FORQSITY =0.200
KEKKKEKKLKRKK KX KKKE XX RRR KRN KKK KK &

FROFERTIES OF THE SHALE LAYER
KOEK KK KKK KK KRR KKK K KKK KKK KKK

SHALE FERMEAEBILITY =0.10000E-0O2 ™MD
SHALE THICKNESS = 1.00000 FT

FROFERTIES OF ABANDONED HOLES
xxxx*x*x*xx*xxx*xxxxxxx**xxxx**xxxxxxxxxxxxx*x*x***x*xx**
X ABANXWELLXDEFTH TO XDEFTH TOXMUD xGEL XCRITIC «x
¥ WELLXDIAMXDISF ZONEXH20 ZONEXDENSITYXSTRENGTH XPRESSU %
X ¥ IN x FT X FT XLE/GAL *LB/100FTZ2%x FSI X
KKK K KK KK KK K KK KKK KKK KK KKK KK KK KKK KK KK X KKK KK KK KK K K KK XK K KK X X

X 1 x 9.6% S000.00x &00.0%  B8.600% 230.00x26468. 0%
X 2 % 9.6% S000.00% 600.0% 8.600x Z50.00%x2668.90%
X 3 X 9.8%  S000.00% 600.0x 8.600x Z230.00%2668.90x
b 8 4 x P.46% S0O00.00x% 600.0%x  B.4600x 250.00%x2668.20%
X S x 9.6% S000.00x &00.0% 8.600x 250.00%2668.90%
X & X F.6% S0O00.00X 600.0% 8.600x 250.00%2668. 90X
X 7 X 9.6%x S000.00x 600.0x 8.600x 250.00%2668. 90X
X 8 x 9.6%x S000.00% 600.0%x  8.600x 250.00%26468.90%
X ? X _9.6% S000.00x 600.0%  B8.600x% 230.00%2668. F0x
¥ 10 % 9.6 S000.00x 600.0%  B.600x 230.00%x2668. 90X
KKK KKK XK KK 3K KKK K K 3K K KK K KK K KK 30K K 33K 3K 3K K 30K K KK KK K K K KK 3K KOk X KOOk X K

COORDINATES OF THE AEBANDONED WELLS

WELL # X Y
XKXXX KX FT. FT.

1 S000.000 1500, 000

2 000,000 1000, OO0

= 4400, 000 I600.000

4 000,000 4000.000

S 6S00, QOO 2500, 000

) 8000, 000 4000, 000

7 FACOQ. 000 2000, 000

8 7800, 000 E400, 000

9 FO00.CQ0 &000.000

10 8000. 000 7000.000

COORDINATES OF THE INJECTION WELL

X= 4000, 000 Y= 2000,00C FT.
INJECTION RATE =5000. BEL/DAY
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CASE V
EFFECTS OF ANISOTROPIC PERMEABILITY

Illustrating effect of anisotropy for two cases; a sealing fault
and a partially sealing fault. In each case an isotropic run
Kx/Ky = 1 is contrasted with a run for K /Ky = 0.25,
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CASE V

FROFERTIES OF THE DISFOSAL ZONE
XEEKEKKEKEXKKKA KRR KK KKK KX KRKAK XX
COMPRESSIRILITY = 0.S00E-0S5 1/FSI

FPERMEABILITY = J00.000 MD
VISCOSITY = 1,000 CF
THICKNESS = 5S0.0 FT

PORGSITY =0.200
AKEAKEXEKKRLKXKKKXEKEKKEKARNE KKK KK AKX

FROFERTIES OF ABANDONED HOLES
KKKOKHORK K KKK KKK KKK KKK KKK KEKKKKKKKKKRKKKKKKKKKKKK KK KKK KK KK
X ABANXWELL ¥DEFTH TO XDEFTH TOXMUD *xGEL ¥CRITIC x
X WELLXDIAMXDISF ZONEXHZO ZONEXDENSITYXSTRENGTH XFRESSU X
X ¥ IN x FT b § FT XLE/GAL XLEB/100FT2% FSI X%
KEKEKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKEKKKKKKKEKKKKK KKK KKK
X F.6%x  S000,00x% &00.0% 9,000 100.00%2512. 16%

X 1

X 2 % F.6%  S000,.00% 600.0%x  9.000x% 100.00%2513. 16%
X 3k P.6% S000.00x% 600.0%  9,.000x% 100.00%2513., 16%
X 4 % P.5%x 5000.00x% 600.0% 9,000 100.00%2513. 146%
X S X P.6%  S000,00x% 600.0%x  F.000x 100.00%2513, 16%
KKK KKK KKK KK KKK KK KKK KK KK KKK KKK KK KK KK K KKK K KK K KKK KKK K KKK K K

COORDINATES OF THE ABANDONED WELLS

WELL # X Y
KKK KKK FT. FT.
1 4000, 000 13500.000
2 2000.000 | 1000.000
3 6000. 000 J000., 000
4 8000, 000 2000, 000
S 4000.000 4000, 000

COORDINATES OF THE INJECTION WELL

X= 4000.000 Y= 2000.000 FT.
INJECTION RATE =Z000. EBL/DAY
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CASE VI
EFFECTS OF FINITE RESERVOIR VOLUME
A series of runs for a reservoir of square

side length 25000 ft.illustrating effects of
values of PC Ks/hs, K and h on the time

rit’
for on-set of leaking in abandoned wells,
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CASE VI, NO. 1

FROFERTIES OF THE DISFOSAL ZONE
L2 S22 0222222002302 30023228 32300880022

COMFRESSIERILITY = 0.S0Q0E-05 1/FSI
PERMEAEILITY = 100.000 MD
VISCOSITY = 1.000 CFP
THICKNESS = Z200.0 FT

FOROSITY =0.200
L 2222202220200 22202322383220328882322

FROFERTIES OF ABANDONED HOLES
L8222 2220220282820 0000002232022 2032028323 3233333383333 333¢3;
¥ ABANXWELLXDEFPTH TO %DEPTH TOXMUD *GEL XCRITIC «x
¥ WELLXDIAMXDISF ZONEXHZ20 ZONEXDENSITYXSTRENGTH *FRESSU X
X x IN x FT X FT ¥LEB/GAL *LB/10OOFT2x FSI X
1 2202222202202 0220003000025 03323 0200333032222 33333¢33¢38337]

X 1 ¥ P.6x S000,.00x 600.0x 9.000% 100.00%x2513. 16¢%
X 2 ¥ 9.6x S000.00x 600.0% 9,000% 100.00%2513. 16X
X T ¥ 2.6%x TS000.00x 600.0x 9.000x 100.00%2513. 16X
X 4 x 9.6x S000.00x &£00.0%  9.000x% 100.00%251 3, 1 6%
X S ¥ 9.6x TS000.00x 600.0x  2.000% 100.00%2513. 16%
X 6 x 2.6% 5000,00x 600.0%x  F.000% 100.00%2513. 16X
X 7 ¥ ?.6%x S000.00x 600.0%x 2,000x 100.00%2513. 16X
b § 8 x 9.6x IT000.00x% 600.0x  9,.000x 100.00%x2T17. 16X
X ? % 9.6x S000.00x 600.0x 9.000x% 100.00%x2513., 16%
¥ 10 x 9.46%x S000.00x% 600.0% 9.000x 100.00%2513., 16%
1220220022020 020202002020 0002232032328232228232333¢333338 337

COORDINATES OF THE ABANDONED WELLS

v i . ——— - 1 ]t s S . . S P P — S T o {— ST — v~ .

WELL # X Y

XXXXKXX FT. FT.
1 S000. 000 1500. 000
2 J000. 000 1000, 000
=z 4400.000 3600.000
4 6000, 000 4000, 000
S 6500. 000 2500.000
6 8000Q. 000 4000.000
7 F000. 000 Z2000. 000
8 7800.000 6400.000
9 FQ00. 000 6000, 000
10 8000. 000 7000. 000

COORDINATES OF THE INJECTION WELL

2000,000 Y= 1500.Q00 FT,

X=

INJECTION RATE

=5000. EBL/DAY
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SYSTEM CONFIGURATICN

ROUNDED AQUIFER

. LENGTH = 28000. FT

. WIDTH = Z2E000. FT

AREA =147248.025 ACRES

TIME OF INVESTIGATION= Z0.00 YEARS

L35S0 202232033220 02 3208220230020 08 03
KABANDON *CRITICAL *LEAKING %TIME TO X
¥ WELL ¥FRESSURE % XLEAK X
X # X FSI X ? XYEAR X

L2222 02022202002 02002222 022050580099
YES 4.09 %

X 1 *2512.16 X% X

¥ 2 ¥2512.16 ¥ YES ¥ 3,16 X
X 3 *¥2513.16 % YES ¥ 4.26 x
X 4 Xx2Z13.16 % YES X 4.69 «x
X S ¥Z2513.16 % YES X 4.62 X
X & ¥2813.16 ¥ YES ¥ S5.07 x
X 7 ¥251Z.156 X YES ¥ S.12 X
X 8 ¥251Z.16 % YES ¥ S5.29 %
X ? *¥2817.16 %X YES ¥ S5.41 X
X 10 ¥2513.16 % YES X S.3I8 x
KK K KKK KKK KK KOK KHOKOK K KOORS00 KO OK KR 0K X
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CASE VI, NO. 2

FROFERTIES OF THE DISFOSAL ZONE
XXX KKKKK KKK KKK KK KRR KKK KKK KKK KKK
COMFRESSIEILITY = 0.3S00E-0S 1/FSI

FERMEABILITY = 100,000 MD
VISCOSITY = 1.000 CF
THICENESS = J0Q0.0 FT

FOROSITY =0.200
122225222 03200233333032030332320032 %8

FROFERTIES OF THE SHALE LAYER
I I ™™

0. 10000E-02 MD
""" FT

SHALE FERMEARILITY
SHALE THICKNESS

noH
—

FROFPERTIES OF AEBANDONED HOLES
KKK KK KKK KKK KKK KK K KK KK K 0K KKK K KKK K 3K KKK KK K KK K K K K K K KKK K KOK K K XK
X ABANXWELLXDEFTH TO xDEFTH TOXMUD xGEL ¥CRITIC «x
¥ WELL*DIAMXDISF ZONEXHZ0 ZONEXDENSITYX¥STRENGTH XFRESSU X%
X X IN x FT X FT XLB/GAL xLB/10OOFT2Xx FSI X
KEKKKKEKKRKEKKKEEKK KKK KKK KKK KKK KK KKK KKK KKK KKK KKK K KKK KK
9.6x  SO00,00x 600.0%x  9Q,.000% 100.00%ES13. 16%

X 1 x

X 2 % F.6% SO00.00% - 600.0%x  9.000X% 100.00X251Z. 16X
¥ I X F.6% S5000.00x% 600.0%  9.000x% 100, 00%¥2517Z. 16X
X 4 % 9.6% SO000.00% 600.0x  Q.000x 100.,00%2513. 16X
X I x 9.6% S000.00x% Q0. 0x  9,000% 100,00%2T12. 16%
X 6 ¥ P.6%x  S000,.00X 600.0%  Q.000% 100.Q0%2813. 16%
X 7 X 9.6%x  S000.00x 00, 0%  F,000% 100,00%x2317. 16%
X 8 x 9.6%x S000.00X &600.0%x 9,000X% 100, 00%x251Z. 16%
X P x F.6% S000.00x Q0. 0% 9.000x 100, 00%2817. 16%
X 10 %X 9.6%x S000.00x% 600, 0% 9.000X 100.00x2512.16%
1SS0S EPCEET2CPOS R RSP R 2002002000000 00 R R:

COORDINATES OF THE ARANDONED WELLS

WELL # X Y
XXKXXX FT. FT.

i SQ00, Q00 1500, 000

2 000, OO0 1000, Q00

A 4400.000 T600. 000

4 &LOOO, QOO0 4000, QOO0

b 6300, 000 2500, 000

& 000, GO0 4000, Q00

7 OO0, OO0 2000, Q00

8 7800, 000 6400, Q00

Q QOO0 000 6000, 000

10 OO0, OO0 7000, 000

X= 4000.000 Y= Z000.000 FT.
INJECTION RATE =S000. REL/DAY




SYSTEM CONFIGURATION

BETA/ALPHA=,44E+0S DAYS

BOUNDED AGUIFER

. LENGTH = 25000. FT

. WIDTH = 25000. FT

. AREA =14348.025 ACRES

TIME OF INVESTIGATION= 30.00 YEARS

EXXXXXKKKKKXKK KRR KKK KKK KK KKK KA KRKKKK KX
XABANDON xCRITICAL XLEAKING xTIME TO X

¥ WELL XFRESSURE x XLEAK X
X # L ¢ FSI X ? *YEAR X

EXXKKKKRKKXKKKKKK R KKK KKK KKK KKK KKK KKK K K

X 1 2513.16 x  YES ¥ 3.87 x
X 2 Xx2513.16 %X YES ¥ .67 %
X 3 *¥2313.16 x YES x 4.21 x
X 4 X¥2513.16 % YES X 4.66 x
X S x2513.16 x YES ¥ 4.352 «x
X & x2513.16 % YES ¥ S5.08 «x
X 7 x2513.16 x  YES ¥ S.11 x
X 8 x2513.16 x VYES ¥ S5.37 x
X ? x2513.16 x VYES ¥ S5.48 x
X 10 x2513.16 x YES x 5.47 «x
XK KRR X IR KN KRR KKK KKK XK
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CASE VI, NO. 3

FROFERTIES OF THE DISPOSAL ZONE
EXXXXRKXKERK AKX KKK KA KKK KK RN K KX KX
COMFRESSIEILITY = 0.S00E-0S 1/FSI
FERMEABILITY = 100.000 MD
VISCOSITY = 1.000 Cr
THICKNESS = Z00.0 FT

POROSITY =0.200
XA XTI ARIXXRIKRX KKK KKK KKK KX

FROPERTIES OF THE SHALE LAYER
ttt!t!*xxt*!x*t!tllt!X!*X*Xt*

SHALE PERMEABILITY =0.10000E-02 MD
SHALE THICKNESS = 1.00000 FT

FPROFPERTIES OF ABANDONED HOLES
t!tt!t*tl*x*****!X***!Xlt!!t!!x!!l**XX!X!!*!X*K#**X*#X***
X ABANXWELL XDEPTH TO XDEPTH TOxMUD *XGEL XCRITIC x
X WELLXDIAMXDISP ZONEXH20 ZONEXDENSITYXSTRENGTH XPRESSU x
X ¥ IN x FT X FT ¥LB/GAL XLB/100OFT2% PSI x
xxxtxx*xxxxxx*xxtxxxxxxxxxxxxxxxxtxx*xxxxxxxxxxxxx*xxxtxx
?.6%  S5000.00x 600.0x  9.000x 100.00%2513. 16

4 1 x

X 2 ¥ 9.6%x S000.00%x  &£00.0x ?.000% 100.00%2513. 16X
X 3 X ?.6x S000.00% 600.0x  9.000x 100.00x%x2513. 16x
X 4 X 9.6x S5000.00x 600.0x  9.000x 100.00%2513. 146%
¥ S X 9.6%x S000.00x 600.0x  9.000x 100.00%2513. 16
4 6 X 9.6% S000.00x 600.0x  9.000x 100.00%x2513. 16%
X 7 ¥ 9.6 S000.00x 600.0x 9.000x 100.00%2513Z, 16%
X 8 x 9.6 S000.00x 600.0x 9,000x 100.00%2512. 16X
X ? X 9.6 S000.00x 600.0x 9.000x 100.00%x2513. 16%
X 10 x 9.4%x S000.00% 600.0%x 9,000x 100.00%2513., 16X
XXt!*t!t!Xt**t**!!**!!!**!tttt!*****X****X**x***x**tt****

COORDINATES OF THE ABANDONED WELLS

- —— . e e

WELL # X Y
XXXXXX FT. FT.

1 S000. 000 1300. 0600

2 2000. 000 100Q0. 000

3 4400.000 3600. 000

4 6000, 000 4000.000

S 6S00.000 2500, 000

& B800O. 000 4000. 000

7 000,000 <000.000

8 7800, 000 6400, 000

9 F000. 000 6000.000

10 8000.000 7000. 000

COORDINATES OF THE INJECTION WELL

X= 2000.000 Y= 1500.000 FT.
INJECTION RATE =S000. BEL/DAY

101C
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SYSTEM CONFIGURATION

BEETA/ALFHA=.44E+(S DAYS

BEOUNDED AQUIFER

LENGTH = 2S5000. FT
WIDTH = 25000, FT
AREA =14748.025 ACRES

TIME OF INVESTIGATION= Z0.00 YEARS

EEKKEKKEKKKKEKKKK KKK KKK KK KKK KKK KKK KKK KKK
XABANDON CRITICAL XLEAKING xTIME TO x
¥ WELL ¥FRESSURE X ¥LEAK L 4
X # X FSI X ? XYEAR X
EERKEKKKKKKKERKK KKK KKK KK XX KKK KK KKK

X 1 ¥23513.16 x YES X 4.16 x
X 2 ¥2513.16 x  YES ¥ 3.2 X
X K 2512.16 x YES ¥ 4.34 x
X 4 x251Z.16 % YES X 4.79 X
X S xZ2513.16 % YES ¥ 4.72 %
X 6 ¥2513.16 x YES ¥ S5.19 x
X 7 2513.16 % YES x S.2 X
X 8 2513.16 % YES X S.42 X%
X ? ¥2513.16 % YES ¥ 5.58 «x
X 10 X251Z.16 % YES ¥ 5.52 «x
L2222 22222202020202008002¢33228323 388334




103C

£ "ON ‘IA 3SVD
1334 40 SaNVSNoHL

0l b 3 / 3 q h ¢ ¢ T
+- t ' } $ } t } } }
AYVANNOd
z
I A12°¢ = 3 I
o . v&\
L £91°% = "1 Avd/1499 0005 = O
o 4
nzoge Ty ; ¢
o
_ Azrvy = 1y
|
| ) 1% 2
n.uamq ® SYVEA 0€ = HAWIL TVIOL S
w
SE 9 y frep = T - 8 z
ny % £ .9 ® 1 bsd 91 ¢T67 = 46 Th @
= Z 61°¢ Aol = M W Q
i I4 00°T = SH < .
| W Z0-41" =  s) m
| q
TIVHS Kva1 | O
_ 00 = ¢
% LI 0°00€ = H
o o W 0°00T = ¥ +9
mm. m - .
Azvc = L ‘14 0007 =  HIAIM
o1 "1d 00067 = HIONAT
® ., AYYANNOF -~ ~——— NV 1 T/
&z¢c ¢ = 3 14 00081 4AAINOV VINONVIDAY L




104C

CASE VI, NO. 4

FROFERTIES OF THE DISFOSAL ZONE
LS 2222222220020 2 0222220282200 00000 8

COMFRESSIBILITY = 0.S0O0E-0S 1/FSI
FERMEARILITY = 300,000 MD
VISCOSITY = 1.000 CF
THICKENESS = S0.0 FT
FOROSITY =0.200

KKK KKK KKK KK KK XKO0K XK K K K K KKK KK K KOK KOk KK X

FROFERTIES OF THE SHALE LAYER
KXKEKXEKXXKEKEKKKKXKN KKK KKK KKK KK

SHALE FERMEARILITY =0.10000E-02 MD
SHALE THICKENESS = 1.00000 FT

FROPERTIES OF ARANDONED HOLES
KK 3OK0K K KKK XK KKK KKK K KKK K XK 0K XK KK KKK KK KKK K K KKK K K K KK K KK XK KKK X
¥ ABANXWELLXDEFTH TO XDEFTH TOxMUD *xGEL ¥CRITIC «x
¥ WELLXDIAMXDISF ZONEXxH20 ZONEXDENSITYXSTRENGTH XFRESSU *
X ¥ IN x FT X FT *LEB/GAL *UB/10QFTZx FSI x
L $2 2000200220022 0020002008203 3300022002308 23 305223803202 23 %4

X 1 X 9.6% S000.00% 600.0x Q.000x 100.00%23132.16%
X 2 % 9.6%x S0O00.00% 600.0x  9.000x 100.00%2513.16x
X I x 9.6%x S000,00x% 600.0x  2.000x 100,00%23513. 16X
X 4 x F.6x  S000.00% 600.0x 9Q.000x% 100.00%28135. 16%
X S % ?.6% S000.00x% 600.0x  2.000% 100.00%2513. 16%
b ¢ 6 X Q.6x  TOO0O,00x% 600.0%x F.000x 100.00%x:2513. 16%
X 7 % P.6%  S000,00% &00.0x  9.000x% 100.00%2513F. 16%
X 8 x 2.6x S000,00x 600.0x 9.000x 100.00%Z2513.16%
X 9 x 9.6%x SQ00.00% 600.0x  Q,000% 100.00%x2513.16%
X 10 %X 2.6% S5000.00x% 600.0%x  9.000x 100.00%2513.16%
122222022083 0822000 0202020200032 0302230302803 0200223222202 2¢ 2]

COORDINATES OF THE ABANDONED WELLS

WELL # X Y
XXXXKX FT. FT.
1 S000.000 1500.000
2 JO00,. 000 1000, 000
z 440Q0.,Q00 600,000
4 6000, 000 4000. Q00
=] 6500. 000 2500, 000
é 8000, 000 400Q0.000
7 000, 000 2000. 000
8 7800. 000 &4Q0, 000
? FOO0. 000 6000, 000
10 8000, 000 7000.000

COORDINATES OF THE INJECTION WELL

X= 4000.000 = 2000.000 FT.
INJECTION RATE =S000, BEEL/DAY




SYSTEM CONFIGURATION

A e e e ) e S ot e ot . o . e S s e i e

BETA/ALFHA=, 7ZE+04 DAYS

BOUNDED AQUIFER

- LENGTH = 25000. FT

. WIDTH = 25000. FT

AREA =14T48.025 ACRES

TIME OF INVESTIGATION= 30.00‘YEQRS

KXKXKKKKKKKKKKKKKKKKKKKK KK KKK KKK KK KK KK
XABANDON XCRITICAL XLEAKING XTIME TO x

¥ WELL ¥FRESSURE x *LEAK X
X # X FSI X ? XYEAR X
KEKKKKEKKKKKKEKKK KK KK KK KK KK KKK KKK KKK KK
X 1 ¥2313.16 x  YES ¥ 0.92 «x
X 2 X2513.16 % YES ¥ 0.91 x
X ) X2513.16 % YES ¥ 0.93 «
% 4 X2513.16 % YES X 0.95 «x
X S x2513.16 x YES X 0.94 «x
* ) x251%.168 x YES ¥ 0.96 «x
X 7 2513.16 x YES ¥ 0.96 x
* 8 ¥2013.16 X  YES X 0.97 «x
¥ ? Z513.16 x YES ¥ 0.97 «x
X 10 X2313.16 X YES ¥ 0.97 «x
KXXEKKXKKKRK KKK KKK KKK KRR KKK KKK KK
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CASE VI, NO. 5

. FROFERTIES OF THE DISFOSAL ZONE
X*X*******XX***X*X***XX**********X*

COMFRESSIERILITY = 0.S00E-0S 1/FSI
FERMEARILITY = Z00.000 mMD
VISCOSITY = 1.000 CF
THICKNESS = 50.0 FT

FORGSITY =0.200
Xl**XX*X**********X**X********i*X*X

FROFERTIES OF ARANDONED HOLES
***********Xt************X*X*********X***X**X********X**X
X ABANXWELLXDEFTH TO XDEFTH TOxmMUD *¥GEL ¥CRITIC x
X WELLXDIAMXDISF ZONEXHZO0 ZONEXDENSITYXSTRENGTH XFRESSU %
X ¥ IN x FT X FT X¥LB/GAL XLB/10OFT2% FPSI «x
*x*xxx*txxxx*xxxxx*xxx*x&xxxxxxxx*xxx*xxxxxmxxx*xxx*xxxxx
F.6%  S000.00% 600.0x%x  8.600x 100.00%2409, 1&%

X 1 x

X 2 x 9.6%  S000.00x 600.0%  B.&600% 100.00%2409, 16X
X S ¥ P.6%  S000.00x 600.0x  B.&600x 100.00%2409., 146x
X 4 X 9.6% S000.00x 600.0%x B8B.600x% 100.00%2409, 16X
X S X 9.6%  S000.00x 600.0% 8.600% 100.00%2409, 16%
X 5 % F.6%  S000.00x 600.0%x B, 400X 100.00%2409. 1 6%
X 7 X @.6%  S000.00x% 600.0x 8.600x% 100,.00%2409. 1464
X B X 9.6% S000.00x 600.0x  8.&00% 100.00%2409, 16
X ? X 9.6% S000.00x 600.0x% 8.600% 100.00%2409. 1 6%
X 10 X 9.6% S000.00x 600.0%  8.600% 100.00%2409. 16X
******X*X***X*X******X*X****XX**X********X***X***********

COORDINATES OF THE AEBANDONED WELLS

e o o o e e e e e 1t e e s . e st e . e e e o e st e o

WELL # X , Y
XEXXXX FT. ' FT.

1 S000. 000 1500, 000

2 Z000.000 1000. 000

3 4400, 000 J600.000

4 &Q00, 000 4000, Q00

3 6S00. 000 2500.000

) 8000, Q00 4000.000

7 FOOO . GO0 2000. 000

8 7800, 000 6400, 000

9 QOO0 000 L0000, 000

10 80G0., 000 7000, 000

COGRDINATES OF THE INJECTION WELL

e o e o o o i i o i o e s . o e e . s it i . . i e i, et e S S

= 6000.000 Y= I000.000 FT.

INJECTION RATE =S000. EEL/DAY
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SYSTEM COMFIGURATION

EBEOUNDED AGUIFEZR

. LENGTH = S0000, FT

. WIDTH = S0000, FT

AREA =S73292.102 ACRES

TIME OF INVEETIGATION= Z0.00 YEARS

(PSS S S ES RSP SFSTS IS EL TR ES SRS ]
XAEANDON ¥CRITICAL XLEAKING ¥TIME TO x

¥ WELL ¥FRESSURE X ¥LEAK X
X # X FSI X ? ¥YEAR X
LEES RSS2SR ENFEOSOETSTEEES S
X 1 ¥2409.15 ¥ YEES ¥ 0,24 X
X 2z ¥2409,.16 ¥ YES ¥ 0.93 X
X = ¥Z2409.15 % YEE ¥ 0.924 X
X 4 XxZ2409.16 % YES ¥ 0.94 X
X S ¥24Q2.15 % YES ¥ 0,97 %
X & X2409.16 % YES ¥ 0.95 %
X 7 XZ2409.15 X YES ¥ 0,26 X
X =4 *¥2409.16 % YES ¥ 0.97 X
X 4 x2402.15 % YES X 0.%3 X
X 10 ¥2409.14 % YEE ¥ 0.%98 x
SN TN O RERG P ES S FOR IS EEFOE TSNS G EE
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CASE VI, NO. 6

FROFERTIES OF THE DISFOSAL ZONE
XK KK KK K KKK K KOK KKK KK KK K KKK KK KK K0 XKk X

-COMFRESSIBILITY = 0.800E-0% 1/FSI
FERMEARILITY = Z00.000 mMD
VISCOSITY = 1.000 CcF
THICKENESS = S0.0 FT

FOROSITY =0.200
L0 2222020232303 0232302283328 00303228

FROFERTIES OF ABANDONED HOLES
KEKERKKKKKKKKKEKKKKKK KK KKK KKK KK KKK KKK KKK KK KKK KK KKK KKK
X ABANXWELL *DEFPTH TO xDEFPTH TOxMUD XGEL ¥CRITIC x
X WELL¥DIAMXDISF ZONEXHZ0 ZONEXDENSITYXSTRENGTH XFRESSU %
X X IN X FT 4 FT ¥LE/GAL xLB/100FT2x PSI %
L2222 222220002220 2222232220200 300ttt s tsstttests
?.6%x IZ000,00x 600.0% B8.600x 100.00%x2409. 16X

X 1 x

X 2 % 2.6% S000.00x 600.0x 8.600x 100.00%2409. 16X
X S X 2.6% S000.00x 600.0x 8.400x 100.00%240%. 16%
X 4 % P.6% S000.00x 600.0x  8.600% 100.00%2409., 16X
X S X 9.6%x S000.00x 600.0% 8.600x 100.00%x2409. 16%
X &6 x F.6%x E000.00x 600.0x 8.600x 100.00%2409. 16%
X 7 X 9.6% S000.00x 600.0%x 8.600x 100.00%2409. 16%
X 8 % 9.6%x S000.00x 600.0x 8.600x 100.00%2409, 16X
b 4 9 %X P.6% S000.00x 600.0%x B8B.600x 100.00%x2409. 16X
¥ 10 x 9.6%x S000.00x 600.0x 8,600x 100.00%2409, 16X
XK KK KKK KK K KKK KK K KKK KK oK oK oK 3K 3K 3K KKK 3K K K KK 3K K K KK K KKK K 0K Kk KK K K X

COORDINATES OF THE ABANDONED WELLS

WELL # X Y

XEXKKX FT. : FT.
1 S000. 000 13500. 000
2 J000. 000 10Q0., 000
3 4400.000 Z600. 000
4 &00Q0. 0G0 4000, 000
S 6S00. 000 2800.000
é 8OO0, GO0 4000. 000
7 F0O0Q. 000 2000.000
8 7800.000 6400, 000
9 F000. 000 6000.000
10 8000. 000 7000.000

COORDINATES OF THE INJECTION WELL

X= 6000.000 Y= I000.000 FT,.
INJECTION RATE =S5000. BBL/DAY




SYSTEM CONFIGURATION

————_-_—————_——_————

S e et et . s . s e s

EOUNDED AQUIFER

= LENGTH = 25000, FT
. WIDTH = 25000. FT
. AREA =14348. 025 ACRES

TIME OF INVESTIGATION= 20.00 YEARS

*X**X********************X******X**X**
XABRANDON XCRITICAL ¥LEAKING XTIME TO x

¥ WELL ¥*FRESSURE x XLEAK |
X # X FSI X 7 *¥YEAR X
****************X******X**************
X 1 ¥2409.16 x VYES ¥ 0.89 x
X 2 X2409.16 % VYES X 0.90 «x
= X2409.16 % YES X 0.90 x
X 4 X2409.16 % YES X 0.89 x
X s X2409.16 x VYES ¥ 0.89 x
X ) X2409.16 x YES ¥ 0.91 «x
X 7 ¥2409.16 x  VYES ¥ 0.91 «x
X 8 X2409.16 % YES X 0.92 «x
X 9 X2409.16 * YES ¥ 0.9 x
X 10 X2409.16 % YES ¥ 0.9 «x
*X******#*****X*********************X*
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Drilling Mud as a Hydraulic Seal in
Abandoned Wellbores



DRILLING MUD AS A HYDRAULIC SEAL IN
ABANDONED WELLBORES

R. E. Collins and D. Kortum
Research & Engineering Consultants, Inc., Englewood, Celorade 80111

Abstract

Results of a series of laboratory experiments are presented which exhibit the
contribution of mud gel strength to the hydraulic sealing characteristics of
mud filling an abandoned well. The apparatus consisted of a small scale,
simulated wellbore fitted with a sandstone core plug at the lower end. Mud
filling this wellbore was allowed to gel for a fixed time, then the brine
pressure required for imitiation of brine entry through the brine saturated
core plug was measured. These data, together with measured properties of the
mud, and geometry of the simulated wellbore constituted the experimental
data.

These data indicate that in most circumstances the gel character of the mud
contributes as much to the minimum fluid entry pressure as does the
hydrostatic head of the mud. In fact, in many cases the gel might contribute
more to sealing pressure than hydrostatic head by a factor of three or more.
Furthermore it has been found that non-uniformities in hole diameter appear
te cause an even greater contribution of mud gel to hole sealing by mud.

This study lends support to the viewpoint that abandoned wells pose wvery
little threat as a path for contamination of any USDW in deep well injection
operations if these wells are filled with gelled mud. However, these
experiments are not truly scaled and it is proposed that properly scaled
experiments are needed. A parallel study is also called for to characterize
the properties of old muds in abandoned wells.






DRILLING MUD AS A HYDRAULIC SEAIL 1IN
ABANDONED WELLBORES

R. E. Collins and D. Kortum
Research & Engineering Consultants, Inc., Englewood, Colorado 80111

Introduction

That a column of drilling mud remaining in an uncased well at abandonment
provides a hydrostatic pressure against fluid entry from penetrated strata is
generally accepted, but it has not been generally accepted that the gel
property of the mud contributes an increment to this pressure that may be
significant. Barker (1981) was evidently the first investigator to propose
that both hydrostatic and gel contributions be included when estimating the
threshold of aquifer pressure at which fluid from the aquifer could enter a
mud-filled abandoned well. Specifically Barker estimated this threshold
pressure from a balance of forces as in Figure 1.

~

7

P
xD2
Net Pressure force, up = —Z" (P - Py)
xD?

Weight force, down = 4 dpy

Shear force at wall, down = xDdG
FIGURE 1

Here a straight, cylindrical well of diameter D and depth d to an aquifer is
filled with mud of weight density p, and gel strength G. At depth d a
uniform pressure P exists over the cross-section of the well. If the upward



force of this pressure exceeds the sum of the downward forces due to the
atmosphere, weight of the mud, and the shear force at the wall of the hole
then the column could be displaced upward by this pressure. Since pressure
must be uniform in any horizontal plane within continuous fluid zt rest, P is
also the pressure of the brine in the aquifer at depth d. Thus Barker's
criterion for ne brine entry into the mud-filled well is

2 2
(1) - p < B dppy 4 7DAG + Py
where P, is atmospheric pressure. This explicitly assigns the shear force

per unit area on the wall of the hole as the gel strength G.

If the original, pre-injection pressure of the injection interval, P, + ppgd,
is subtracted there results the criterion for admissible pressure increase in
the aquifer, AP, with no brine entry into the abandoned well. Here pp is the
depth-averaged brine density from surface to the aquifer at depth 4. 1In oil
field units this gives the criterion as

[

(2) 4P < 0.052 (pp - pp)d + 3.33 x 1073 2

w]

For a minimum mud weight, about 9.0 1b./gal. for Bentonite mud, having a gel
strength of 50 1b./(l00 ft.?) for a fresh water mix, and an average pp of
8.4 1b./gal. this yields for a 5000 ft., 9-5/8" diameter hole

(3) AP < 130 + 86.5 = 216.5 psi

Thus gel contributes about 40% of the hole-sealing pressure of the mud in the
hole. Clearly then it is important that this entry pressure criterion be
validated.

Although this threshold pressure assignment is plausible it has not been
confirmed experimentally. Thus we undertook a few simple experiments

directed to such a demonstration. These are described here together with the
rather surprising results that were obtained.

General Description of Apparatus and Procedure

This study actually included nine different experiments using the same basic
apparatus with only minor alterations, Figure 2 shows the general
configuration of laboratory equipment. A core was epoxied inte a nipple and
then attached to a pipe joint below the core which in turn was attached to a
line carrying brine from a salt water reserveoir. The pressure at this
reservoir was recorded using a gauge or mercury manometer. Pressure was
supplied to the brine using compressed nitrogen and a pressure regulator.
Brine was pushed through the brine delivery system until no air existed in
the linecs and the rock was saturated with the brine. At this peint, a pipe
was attached to the core nipple and a column of bentonite mud (20 ppb
bentonite with 3 ppb salt in Experiment No. 1 and 30 ppb bentonite in all
other experiments)* was placed in the pipe over the core.

*ppb = pounds per barrel
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A sample of this mud was also placed in a Fann viscometer cup o remain
quiescent. A small diameter transparent tube was attached to the top of the
mud column and filled with brine to provide a volumetrically sensitive
detection for movement of the mud column. The mud was allowed to gel for
approximately 12 hours, at which time pressure was slowly applied to the
brine delivery system until fluid movement was noted in the viewing tube at
the top of the column. Concurrently, the gel strength of the mud sample in

the wviscometer cup was measured using a Famnn V-G meter. Note that the
relevant distances to calculate pressures are indicated by £, h, and d in
Figure L. All physical dimensions of this apparatus are given Iin the

appendix together with physical properties of the fluids used.

Data Reduction

The data reduction scheme in these experiments required calculation of the
brine pressure, P., at the face of the core contacting the mud column. From
Tigure 1 this is (gauge value)

(4) Pe = Pp + ppet
where P, is the pressure read on the manometer of the brine chamber. Also

the hydrostatic pressure at the core face (gauge value), Py, due to the brine
column in the sight tube and the mud coluan is

(5) Py, = ppgd + ppgh

Thus the difference in these two pressures, P, - Pnp, is the measured excess
brine pressure in the core plug required solely to “"break the gel"™ and
initiate fluid entry. Specifically our Eq.(l) is now expressed in terms of

these pressures as
2
(6) —“”2 (Po - Pp) = xDdG

Now the first experiment indicated that a significant discrepancy existed

between the measured pressure difference, P. - Pp, as obtained using
Eqs.(4) and (S) and the value implied by the equality in Eq.(6). That is, a
value for P. - Py can be computed from the measured value for G in the Fann
instrument using Eq.(6). Specifically the measured value of P, - Pp was more
than five times as large as that computed in this way. Thus these data

implied that mud gel was contributing much more te the threshold brine entry
pressure than one computes from the Fann measured value for G.

After some deliberation a hypothesis was formed to account for this

discrepancy and this puided the design of subseguent experiments. It was
conjectured that the excess pressure required to break the gel arose f{rom the
non-uniform diameter of the simulated wellbore. Specifically there was a

narrowving of the diameter immediately above the core and abrupt "“shoulders”
of about 1/16" at the coupling. Also there was a "shoulder" of about 1/4" at
the sight tube connection. It was believed that stress concentrations at
these sharp corners caused a much greater applied stress to be required to
shear the mud in the column.



Subsequent experiments were designed to test this hypothesis by introducing
specific shape irregularities in the simulated wellbore. Then in each
experiment an apparent gel strength was computed from measured pressures, P,
and Py, using Eq.(6) as

) G' = o5 (Pe - Pp)

This is then compared to G determined in the Fann instrument as the ratio

]

(8) R =

“

Following is a description of specific experiments in which R was determined
for various geometries.

Description of Experiments

Exps. 1 & 2

The geometries for the wvarious experimental runs are shown in Figure 3. In
the first two runs, the pipe size was small (refer to Appendix). Two 1/16"
shoulders were located along the length of the pipe, one just above the core
and one midway up the length of the pipe. In addition, a fairly severe
constriction occurred at the top of the column where the wviewing tube was
substantially smaller {(diameter = 1/8") than the pipe itself and mud actually
extended into this tube. Therefore, three constrictions existed along the
mud column. The 1/16" shoulders were fairly large relative to the total
diameter of the pipe.

Exp. 3
A large pipe was substituted for the small pipe (see Appendix). The pipe
contained only one 1/8" shoulder located above the core. The adapter with

brine viewing tube on top was used as shown in inset of Figure 3.

Exp. 4
The same set-up as Exp. 3 was used; however, the pipe had an oily film over
its entire inner surface. No specific data were collected since fluid

movement occurred immediately and no apparent gel strength was observed,
i.e. Pp - Py was zero.

Exp. 5

Exp. 5 was similar to Exp. 3 except that an additional constriction was
placed on the mud column and the mud column extended into tHe smaller pipe on
top and inte the brine viewing tube (see Figure 3 inset).

Exps. 6 & 7

Experiments 6 and 7 were identical. These were identical to Exp. 3 bhut
instead of a gmooth pipe being used, a series of five joints and nipples (in
addition to the one located above the core mentioned in Exp. 3) were located
along the length of the pipe (see Figure 3).
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Exp. 8

This experiment employed the small pipe as in Exps. 1 and 2 but in this case
the mud did not extend into the small wviewing tube initially. The mud level
was in the 5/8% ID pipe.

Exp. 9

This experiment was intended to test behavior in a pipe of uniform dimensions
with no constrictions anywhere. A PVC pipe was mounted into the nipple
containing the core used in Exps. 3 and 4 with the pipe inserted flush to the
core plug face. Thus no "shoulders® were present in the mud-filled pipe.
The adapter with the brine-filled viewing tube was mounted on top but the mud
level was in the uniform diameter pipe.

Results and Discussion

Values for all parameters and data collected in these experiments are listed
in the appendix and here we summarize values determined for R, the ratio of
apparent to actual gel strength in Table I.

TABLE I

Exp. No. 1 2 3 4 5 6 7 8 g
R 5.11 5.05 1.68 0.00 2.77 3.83 3.61 5.76 1.99

The results of Exps. 1 and 2 indicate non-uniform geometry profoundly
influences the apparent gel strength. Apparently the relative size of
diameter constrictions in relation to the c¢ylinder in which the mud stands
produced the larger increases in apparent gel strength observed in
Exps. 1 and 2 as compared to other experiments.

In Exp. 3, the one shoulder in the large pipe produced, approximately, a 68%
increase in apparent gel strength over the Fann measured wvalue, In
Exps. 6 and 7, it would be reasonable te assume that the increase in apparent
gel strength should be about six times the 68% value observed in Exp. 3 since
6 shoulders are present. This would produce an R value of 1 + (0.68 x 6) or
5.08 which 1is 1larger than the apparent wvalues actually observed in
Exps. 6 and 7.

Exp. 5 provides further evidence that geometric irregularities produce
increases in apparent gel stremgth. With the constriction on the top of the
pipe (along with the shoulder of Exp. 3), the apparent gel strength is
increased by nearly three-fold over the Fann measured value.

Exp. 4 demonstrates that when the mud column is detached from the pipe
structure by an oily £ilm, either the brine flows up the pipe around the mud
column or the column provides little or no gel strength since it is, in
effect, not honded to the pipe.



Exp. 8 was to test whether the wvery large wvalue of G observed in
Exps. 1 and 2 was due in part to the fact that mud extended into the small
diameter viewing tube at the top of the 5/8" ID pipe. Since the observed
value of R in Exp. 8 was even larger, this is not the case.

The objective in Exp. 9 was to determine whether a tube free of any
non-uniformities in diameter of the mud column would yield a G wvalue

comparable to that measured in the Fann viscometer. Since the apparent G
value in this case was almost double the Fann determined value, this is not
the case. Thus, there are gther factors Iinvolved besides non-uniform

diameter of hole which cause the high apparent G wvalues.

We can speculate on the implications of the data obtained in the above
experiments:

(1) There is clearly an increase in the contribution of mud gel strength to
the threshold pressure for brime entry arising from constrictions or
non-uniformities in pipe (simulated bore-hole) diameter. A factor of
about 2 - 5 was observed.

(2} There is another contribution to threshold brine entry pressure not
associated with hole geometry. We speculate that this may be due to
gelled mud in the pores of the core plug. Also it is possible that upon
standing with mud pressure on the core plug, some particulates could
enter the larger pores of the core plug. This might account for the
results in Exps. 8 and 9.

Regardless of the ultimate resolution of these questions one fact is certain
and this is that the gel strength of mud in an abandoned well does indeed
contribute significantly to the threshold pressure for £iuid entry to the
well.

Conclusions

The experiments described here confirm that the gel characteristics of
drilling mud do contribute substantially to the threshold pressure required
for brine entry from an aquifer into a mud-filled wellbore. Specifically the
threshold pressure for fluid entry computed by Eq.(l) above, using an average
hole diameter D and a laboratory measured G value, will always be
significantly conservative. The data presented have suggested that
irregularities in hole diameter can cause the true gel contribution to be
four to five times greater than that calculated for a uniform diameter,
However, since these experiments were not properly scaled direct application

of this result to actual wells should be wused with caution, Further
experiments and analysis could resolve this issue of effects of hole diameter
irregularities. Other questions raised in these experiments might bhe

explained in part by prior studies on particulate transport in porous media
[Gruesbeck and Collins (19%82)] but the effect of gelling of colleidal clay
which invades the porous rock calls also for additional experiments.



Appendix

Data and Results
(see Nomenclature at end)

Experiment 1

Geometry in. cm.
Core Diameter 1.0 2.5%4
Pipe I.D. 0.625 1.488
Length, £ 24,409 62.0
Length, d 11.5 29.2
Length, h 4,53 11.5
Pressures psi in. Hg
P 3.0

Pg +0.8937 +1.8
Pn 0.5966 1.2
Pe 3.89 7.9
Gel Strength psi 1bs. /100 fr.2 (12 hrs.)
G 125.0
G’ 0.04475 6440

Experiment 2

Geometxy in cm
Core Diameter 1.0 2.54
Pipe 1.D. 0.625 1.488
Length, £ 14.6 37.0
Length, d 12.0 30.5
Length, h 3.94 10.0
Pressures psi in. Hg
Pn 7.859 16.0
Pg -0.533 -1.1
Ph 0.5966 1.2
Pe 7.326 4.9
Gel Strength psi lbs. /100 f£.% (12 hrs.)
G 250.0
G’ 0.08763 1262.0

G'/G =R = 5.05



Experiment 3

Geometry in. cm.
Core Diameter 1.5 3.82
Pipe I.D. 1.625 4.12
Length, £ 11.4 29.0
Length, d 26.0 66.0
Length, h 6.5 16.5
Pressures psi in. Hg
P 3.438 7.0
Pg -0.418 -0.851
Py 1.218 2.48
P. 3.02 6.15
Gel Strength psi ibs. /100 ft.? (12 hrs.)
G 250.0
G 0.02816 405.0
G'/G = R = 1.68
Experiment 5
Geometry in, cm.
Core Diameter 1.5 3.82
Pipe 1.D. 1.625 4.12 small pipe
Length, £ 12.2 31.0 radius =
Length, d 33.9 86.0 0.3125 in.
Length, h 3.54 3.0 (see sketch)
Pressures psi in. Hg
P 4.91 10.0
Py -0.4476 -0.91
Py 1.4059 2.86
Pe 4.4643 9.1
Gel Strength psi 1bs. /100 ££.2 (12 hrs.)
G 210.0
G! 0.04042 582.0

G'/G = R = 2.77

10



Experiment 6

Geometry in. cm,
Core Diameter 1.5 3.82
Pipe I.D. 1.625 4.12
Length, £ 13.8 35.0
Length, d 26.0 66.0
Length, h 6.3 16.0
Pressures psi in. Hg
P 3.93 8.0
Pg -0.5044 -1.28
Pp 1.21 2.46
Po 3.425 6.97
Gel Strength psi 1bs. /100 ft.2 (12 hrs.)
G 130.0
G' 0.03460 498 .0

Experiment 7

Geometry in. cm.
Core Diameter 1.5 3.82
Pipe I.D. 1.625 4.12
Length, £ 13.8 35.0
Length, d 26.0 66.0
Length, h 6.3 16.0
Pressures psi in. Hg
P 4.13 8.4
Py -0.5044 -1.28
Py 1.21 2.46
Pe 3.6214 7.373
Gel Strength psi 1bs./100 £t.2 (12 hrs.)
G 150.0
G’ 0.03768 542.0

G'/G = R = 3.61

11



Experiment 8

(small pipe - no top constriction)

Geometry in.
Core Diameter 1.0
Pipe I.D. 0.625
Length, £ 21.65
Length, d 9.84
Length, h 3.05
Pressures psi

P 6.1886
Pg -0.7925
Py 0.4827
Po 5.396
Gel Strength psi

G

G’ 0.078

Experiment 9

-1.6135
0.9828
10.98

1lbs. /100 ft.? (12 hrs.)

(large pipe, PVC - no shoulders)

Geometry in.
Core Diameter 1.5
Pipe I.D. 1.5
Length, £ 20.866
Length, d 22.441
Length, h 5.906
Pressures psi
Pn 3.438
Pg ~0.7637
Py 1.062
Pe 2.674
Gel Strength psi
G

G’ 0.02694

G'/G = R = 1.99

12

7.0
-1.555

2.162

5.444

1bs./100 £ft.? (12 hrs.)



Fluid Properties

Salt 1.0147 8.45 0.4394 0.0366 0.01441
Mud (Exp. 1) 1.0396 8.65 0.4498 0.0375 0.01476
Mud (Exps. 2 - 9) 1.0444 8.70 0.4520 0.0377 0.01484

Mud Composition:

Exp. 1: 20 ppb bentonite, 3 ppb salt
Exps. 2 - 9: 30 ppb bentonite

Nomenclature
£, 4, h Vertical Dimensions of Experimental Set-Up
e Core Radius
Tp Pipe Radius
hp Pipe Length
Pa Manometer Pressure
Py Hydrostatic Pressure of Brine Reserveoir
Ph Hydrostatic Head of Mud/Brine Over Core
P. Pressure at Core Face

13
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Bentonite as a Waste Isolation Pilot Plant
Shaft Sealing Material

Jaak Daemen and Chongwei Ran

Department of Mining Engineering
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ABSTRACT

Current designs of the shaft sealing system for the Waste Isolation Pilot Plant (WIPP)
propose using bentonite as a primary sealing component (DOE/WIPP, 1995). The shaft
sealing designs anticipate that compacted bentonite sealing components can perform
through the 10,000-year regulatory period and beyond. To evaluate the acceptability of
bentonite as a sealing material for the WIPP, this report identifies references that deal with
the properties and characteristics of bentonite that may affect its behavior in the WIPP
environment.

This report reviews published studies that discuss using bentonite as sealing material for
nuclear waste disposal, environmental restoration, toxic and chemical waste disposal,
landfill liners, and applications in the petroleum industry. This report identifies the physical
and chemical properties, stability and seal construction technologies of bentonite seals in
shafts, especially in a saline brine environment. This report focuses on permeability,
swelling pressure, strength, stiffness, longevity, and densification properties of bentonites.




Table of Contents

1. INTRODUCTION ....cootiirimniietieeeceeeteteessesetesssesssseeseseenesensesensesesssesessessssnesssnesensasans 1

2. RELATED REPOSITORY STUDIES ......ccoonterrietrieeieieesrereeeeessesseessssessesssensessssssessenss 3

2.1 Waste Isolation Pilot Plant..............ccevuervirrieciceinreieceeeseerete e se et ne s 3

2.2 Office of Nuclear Waste ISOIation ........ceccceveeeeerrrerecereeresissennsseseseesesssssesssssssessssesessenns 3

2.3 SWediSh STUAIES ....oceeeureiirreieiete e tretereteseesaereesesasbesses e sasseesessessenessersssesessassenens 3

2.4 SWISS STUAIES ...ccceeuieeeirertrirteereieetecresrereseeseseessestesessesessesnesassessassessensesessessessassesseseesansen 3

2.5 Canadian STUAIES.......ccceevarrerierierieeirreerieeesreesresaesseseeseesrasssassssasssesseesssentesnsrssesansnnns 3

2.6 Basalt Waste IS0lation Project .........ccceeeeveeiemreerriinecnrieeeseneeeeeeseaeeeeessenessnssessenens 4

METHODOLOGY .....oooietieiniierinrererriesrestrereieesessesssssssessessessassessssssssnssseesassssssesssessassansens 5

4. BENTONITE COMPOSITION.........ocueeerreererieerreserrineessessssssssssesessssssssssssssssesssssssesssres 7
5. BENTONITE PROPERTIES AND CHARACTERISTICS OF PARTICULAR

RELEVANCE TO WIPP SEALING......cccecvrrrrtrenrrseressessasersesssasassasessessesaessssssssases 11

5.1. Permeability/Hydraulic CONAUCHIVILY ...cveoervererreerrirrrencrrrserersssenssssresecssencesencassennns 11

5.1.1 Permeability 10 Water/BIiNe .......ccoccereererreererrtrreentirererreessseaseesessessessesseessesseses 11

5.1.2 Gas Permeability .........cccooeeeeieecirneeiniecrtrientieete et seessaesaesesseenesscesesssennses 26

5.2 POTOSILY c.eveveruereeeeeereeneeneenenteesesessaessessestsssesasseessestesessaassesesasestensesasssssenteneesaaesesanesesase 26

5.3 Volumetric Behavior: Swelling and Shrinkage ...........ccccoceevrvemericncrnenninnncnnennas 28

5.3.1 SWEILNE «..ceieienreieritectectcee ettt e sseseeseessessessessaessesesassssneennansseneestensenes 28

5.3.2 SBIDKAZE ...cuveeevrieririiieiieee e esteeeessessssesaaesassesssssesssssassesseseeseesesnsessasentesenns 33

5.4 MechaniCal PrOPETLIES. ......c.cveeverveeeiiieeerierreeteeseesessseesseesesssesssssesssessssessesseeesesseensonsen 34

54,1 STENEHN ...ttt et ee e st resrs s et e s seas s sassanseraeeenaeesranesseaeses 34

5.4.2 St NESS. ciiecicieiiereenirecreereeresaesrestesseeesteasatestestessesasaaaanesaneaeneesteeseeaeesaasaasaan 35

5.5 SOTPLION....eeeereeenteertretceteetiteeeeteesresseeseesseesessseesasnesseasseasessseessnnessessnesstossasessesssesnrens 37

5.6 INAEX PIOPEILIES -..ccvrerrerrieurereeeiereesiereseressaessessnasseasnesssssessessasssnsessesseseseeseseessessnssnnans 37

5.7 LONEEVILY cevirvieiierirrceeetetresteeesessestesesaeseessessessesteseassessentesessessessnsssssersessessssssarensans 38

6. EMPLACEMENT/CONSTRUCTION......ccccsveererntretriteseeserceeerseneseesssestssesssessessssssossessnes 41

7. RESERVES, SUPPLIES, AND LONG-TERM AVAILABILITY ..c..coovvnminiicns 45

8. CONCLUSIONS.....cuietctectreteicrtceereereesesssestesassassessesessasssssessesssestasssesasssessnessssssenesassens 47

9. REFERENCES ......ctririteinteteeetnetesseeseeseseesaeesaestesssesssssssntossssasssassssssnenssnssensansesasaes 49

iii



List of Figures

* Figure 1. Hydraulic conductivity of compacted mixtures of bentonite with sand, crushed
granite, or soils as a function of bentonite content (after Meyer and Howard, 1983;

Mingarro et al., 1991). ..coiviiieerceerete ittt et ae s sesae st st et e e s e e e s sa e eeeneenee s 20
Figure 2. Reported hydraulic conductivity of compacted bentonite and bentonite

mixtures as a function of dry denSitY. .....ccceeeveveeeeiereeecieeeeieeerererrere e e eveesrens 21
Figure 3. Reported permeability as a function of dry density for permeant with distilled

deionized water and DIINE. ......c..ceccerieiricirieirree et reestee e saeste e e s e e eesassseansananans 24
Figure 4. The thickness of interlayer as a function of NaCl concentration in solutions

(calculation based on Equation 7.28 in Mitchell, 1976: 125). ....cooeeccrvrenniescrncceennuennnn. 25
Figure 5. Correlation between total porosity (n) and efficient porosity (n*) of bentonite/

sand mixtures (data reported by Chapuis, 1990)........c.ccoeeereceniniinrenieieecneiecreereeaene 27

Figure 6. Dry density of bentonite as a function of porosity, where 1: G,=2.5, 2: G=2.7
and 3: G=2.8. Effective porosity = 65% of primary porosity (Equations 1 and 2).......29
Figure 7. Reported swelling pressure as a function of dry density of bentonite and

DENLONILE TIXIULES. ..c.veeveeiverrioneecentireestratesessassessessessssnesseesesseessansassesseseesssessesntesntassasses 32
Figure 8. Comparison of swelling pressure for Na-bentonite from various researchers

(after Allison et al., 1990). ..ottt ettt st 33
Figure 9. Young’s modulus of clay as a function of minor principal stress with X = 300,

P,=14.4 psi, and n = 0.3 in Equation 3 (after Janbu, 1963). ......ccvvvvieirreiciricnunne 36
List of Tables

Table 1. Chemical Composition of Volclay Sodium Bentonite .........cccoceeenernnneviciicennnanes 7
Table 2. Reported Hydraulic Conductivity of Compacted Bentonite and Bentonite

IMIIXEUTES ..ceienveiieiinemen et irecestsseeineests s esas e saesaaeestestssnessesssnsssssnsessersnsassossessensnnssraseseen 11
Table 3. The Influence of Permeant Chemistry on Bentonite Permeability ..........ccoueuuuneee. 22
Table 4. Reported Swelling Pressures of Bentonite and Bentonite Mixtures..........c.ccevuee... 30
Table 5. Mechanical Properties of Bentonite and Bentonite/Crushed Granite Mixtures......34
Table 6. Reported Index Properties of Bentonite..........ccccorueeeeenriiieccnncsnincneisensiesenceennens 37

iv




1. INTRODUCTION

The US Department of Energy (DOE) is developing the Waste Isolation Pilot Plant
(WIPP) in southeastern New Mexico as a full-scale, mined geologic repository to
demonstrate the safe management, storage, and disposal of transuranic (TRU) radioactive
wastes that result from defense programs of the US Government. The WIPP underground
facility is located in the brine-bearing, bedded salt of the Salado Formation at about 655 m
below the ground surface.

Before disposing of radioactive wastes in the WIPP, the DOE must evaluate the
repository based on various regulatory criteria for disposal of the waste components, and the
US Environmental Protection Agency (EPA) must certify that compliance has been
satisfactorily demonstrated. The regulations in 40 CFR 191.14 (d) (EPA, 1995a) require
using both engineered and natural barriers to isolate waste from the accessible environment.
The engineered and natural system should (1) limit the flow of fluid (water/brine and gas)
through or into the repository over the designed lifetime and (2) limit radionuclide
migration to the accessible environment below the acceptable level. Quantitative
requirements for potential releases of radioactive and other hazardous materials from the
repository system are specified in 40 CFR 191 and 40 CFR 268 (EPA, 1995b). Current
designs of the shaft seal system for the WIPP propose to use bentonite as a primary sealing
component (DOE/WIPP, 1995). The shaft sealing designs predict that compacted bentonite
sealing components can last through the 10,000-year regulatory period and beyond.

Repository sealing requires that the sealing barriers have a low permeability, a long
lifetime, a high resistance to erosion, mechanical and chemical stability, and compatibility
with host rocks or materials. Bentonite has been used widely as a sealing material for waste
containment structures such as landfills (Rowe et al., 1995; Daniel, 1993). Bentonite has
excellent sealing performance and has been selected as a principal sealing component for
numerous nuclear waste repositories. Bentonite has an extremely low hydraulic
conductivity, is self-healing, and has good chemical stability that would provide effective
long-term sealing (Gnirk, 1988). Bentonite can penetrate rock fractures either by viscous
flow or by expansion (Pusch, 1978). Bentonite suspensions can form barriers at low solids
concentrations (Ran and Daemen, 1991, 1992; Ran, 1993).

Bentonite as sealing component in the repository access excavations provides
barriers to block fluid flow into or out of the repository. Bentonite can generate swelling
pressure when water or brine penetrates the clay. Swelling of the seals increases the internal
supporting pressure in the shaft and fractures and should accelerate healing of any disturbed
rock zone (DRZ). Swelling of bentonite also can assist in sealing fractures caused by
structural damage or by rock block displacement by self penetration into the fractures; it
should also help in obtaining tightness between seals and host materials.

Bentonite has been studied as a sealing material in several nuclear waste repository
programs. Extensive studies on sealing with bentonite have been conducted for the Swedish,
Swiss, Canadian, German, and French programs (IAEA, 1990; Pusch and Bergstrom, 1980;
Pusch, 1994; Coulon et al., 1987; Brenner, 1988; Bucher et al., 1986; Dixon et al., 1985).



Extensive studies also have been conducted within the context of the WIPP program, both
from a sealing and from a backfill perspective (Butcher, 1994; Pfeifle, 1990).

For the purpose of evaluating the acceptability of bentonite as a sealing material for
WIPP we have identified references that deal with the properties and characteristics of
bentonite that may affect its behavior in the WIPP environment.

This report reviews published studies of bentonite used as sealing material for
nuclear waste disposal, environmental restoration, toxic and chemical waste disposal, liners,
and applications in the petroleum industry. This report identifies the physical and chemical
properties, stability, and seal construction technologies of bentonites, especially in a brine/
salt environment. This report focuses on permeability, swelling pressure, strength, stiffness,
longevity, and the densification properties of bentonites. All information about bentonite on
which this report is based is archived in a computerized database system (ClayInfo), and can
be obtained from the authors or from the Sandia WIPP Central Files.



2. RELATED REPOSITORY STUDIES

2.1 Waste Isolation Pilot Plant

The WIPP has investigated bentonite as a sealing and as a backfill material. Pfeifle
(1990) investigated consolidation, permeability, and strength of crushed-salt/bentonite
mixes. Pfeifle and Brodsky (1991) investigated the swelling pressure, water uptake, and
permeability of 70%/30% crushed-salt/bentonite mixes.

2.2 Office of Nuclear Waste Isolation

The Office of Nuclear Waste Isolation (ONWI), Battelle Memorial Institute,
Columbus, OH, has evaluated the use of clays for sealing nuclear waste repositories. A
summary report (Meyer and Howard, 1983) includes these favorable characteristics: low
hydraulic conductivity, high sorptivity, high compressibility, and, in some cases, high
swelling capacity. Also stressed with respect to the use of clays as sealing materials is the
potential of clays and clay minerals to provide long-term sealing, inferred from their
geologic persistence, low solubility in repository-like environments, and slow reaction
kinetics.

2.3 Swedish Studies

By far the most comprehensive, in-depth, and detailed study of bentonite as a
repository sealant has been conducted within the Swedish repository program. The results of
this work have been summarized in numerous publications (Pusch, 1978, 1979, 1980, 1994;
Pusch et al., 1982, 1985; Pusch and Bergstrom, 1980; Pusch and Carlsson, 1985; Pusch and
Giiven, 1990; Pusch and Karnland, 1990; Nilsson, 1985). Only the most directly applicable
of these reports are referenced here.

2.4 Swiss Studies

The Swiss nuclear waste disposal program has studied bentonite as a sealing
material. For geochemical and hydrological reasons (i.e., because of the presence of a rather
large concentration of Ca ions in the groundwater at the most likely candidate repository
sites) the program has focused primarily on Ca bentonites.

2.5 Canadian Studies

The Canadian nuclear waste disposal program has conducted extensive studies on
mixtures of bentonite and sand or crushed rock (granite), primarily for the purpose of
evaluating the performance of such mixtures as backfill (Dixon et al., 1985, 1987, 1991,
1992a; Chapuis, 1990; Kjartanson et al., 1992; Yong et al., 1986). Only a few of the large
number of publications generated by this work are referenced here.



2.6 Basalt Waste Isolation Project

The Basalt Waste Isolation Project (BWIP) has investigated the use of mixtures of
crushed basalt and sodium bentonite as a waste packing material. A summary of BWIP
studies is given by Allen and Wood (1988).



3. METHODOLOGY

In this study, two main lines of approach were pursued to identify relevant
information:

1.

computerized data searches,

2. use of personal documentation files and manual follow-up of references.

The search focused on (1) clay sealing for nuclear waste disposal and nonnuclear
waste isolation, and (2) clay applications in petroleum and civil engineering. While
researching the use of clay/bentonite for nuclear waste repository sealing, the focus of
inquiry was on flow and the chemical and physical properties of bentonite, especially in salt,
brine, or saline environments.

Six data bases were searched:

1.

COMPENDEX (Electronic Engineering Index), Engineering Information, Inc.
(1986 to 1995);

. NTIS (National Technical Information Service), National Technical Information

Service (1975 to 1995);

. Dissertation Abstracts Ondisc, UMI, University Microfilms International (1861 to

1995);

GEOREF (Geological Reference File), American Geological Institute (1785 to
1995);

GEOBASE, Elsevier Science, (1980 to 1995)

INIS (International Nuclear Information System), International Atomic Energy
Agency (1976 to 1995, outside USA only).

The data bases listed above were searched using the following terms as keywords or
identifiers (except for the INIS and NTIS from 1975 to 1983, as specified below):

bentonite,

montmorillonite,

smectite,

clay and waste disposal,

clay and permeability or hydraulic conductivity,
clay and brine or salt or saline,

soil and erosion or piping.

For the INIS data base and NTIS data base from 1975 to 1983, the following search terms
were used:

bentonite,

montmorillonite,

clay or bentonite or montmorillonite and salt or brine or saline,
not in the United States (INIS only).



A total of 11,906 references has been located. As is common with computerized
literature searches, the results present a mixed picture: A vast number of references were
obtained that have marginal, if any, interest to the study at hand. Conversely, a number of
important references were identified that otherwise would have been missed. Still,
considerable uncertainty remains about the completeness of the searches because some
important references we are familiar with did not show up on the searches. Nevertheless, we
believe we have completed a fairly comprehensive search of the available literature.

An extensive experimental data base exists for the permeability of sodium bentonites
under a variety of conditions. Many other properties of sodium bentonite (such as strength,
stiffness, and chemical stability) also have been investigated in detail. The complexity of the
material is such, however, that considerable uncertainty remains about its performance
(Rowe et al., 1995, pp. 5, 108).

Abstracts of the references that appear relevant have been reviewed by the authors of
the present report. Complete copies of the references have been obtained and reviewed to
the extent possible within the allowed time frame.




4. BENTONITE COMPOSITION

The composition of a typical commercial sodium bentonite (e.g., Volclay, granular
sodium bentonite) contains over 90% montmorillonite and small portions of feldspar,
biotite, selenite, etc. A typical sodium bentonite has the chemical composition shown in
Table 1.

Table 1. Chemical Composition of Volclay Sodium Bentonite

Elements Composition (%)

SiO, 63.02
AlLLO3 21.05

Fe O3 3.02
FeO 0.35
MgO 2.67
Na,O 2.57
CaO 0.65

H;O 5.64
Trace Elements 0.72

Source: Technical Data Sheet, American Colloid Company, 1995.

Sodium bentonite has a three-layer expanding mineral structure of approximately
(Al Fe1.67 Mgo.33) SisO10 (OHp) Na*Ca™ 3. Specific gravity of the sodium bentonite is from
about 2.5 to 2.8. The dry bulk density of granular bentonite is about 1.04 to 1.24 glem®.

Sodium bentonite has a specific surface area of about 800 m%g; when unconfined it
can swell to at least 12 mL/g. Densely compacted bentonite (1.75g/cm3), when confined,
. can generate a swelling pressure up to 20 MPa when permeated by water (IAEA, 1990,
p. 13). The magnitude of the swelling pressure depends on the mineral composition of
bentonite and on the chemistry of the permeating water. Bentonite compacted to high bulk
densities (>1.7 g/cm3) has very promising thermal conductivity and thermal stability.
Because of the special composition of bentonite, mixtures of bentonite and water can range
in rheological characteristics from a virtually Newtonian fluid to a stiff solid, depending on
water content. Bentonite can form stiff seals at low moisture content and can penetrate
fractures and cracks at higher moisture-content values. Under the latter conditions it can fill
spaces in seals and DRZs.

At the WIPP, compacted clay is being considered as a shaft sealing material.
Columns of compacted clay will be emplaced in the WIPP shafts during repository closure.
A number of optional materials have been investigated for use as the WIPP shaft sealing
material. Because the term clay includes a large variety of materials, it is possible that some
clay materials might satisfy the WIPP sealing requirements. A recurring problem with the
use of the term clay is its imprecision and ambiguity, which can cause confusion as to what
is intended for sealing purposes.



A standard soil mechanics engineering definition of clays is “fine-grained soil or the
fine-grained portion of soil that can be made to exhibit plasticity (putty-like properties)
within a range of water contents, and that exhibits considerable strength when air-dry”
(ASTM D 653). A long-standing engineering practice has been to define clays as soil
particles with a size smaller than a specified size (e.g., 0.002 mm), although ASTM D 653
explicitly recommends against such a definition based on particle size only. The widely (but
not exclusively) used Unified Soil Classification System (USCS) (ASTM D 2487, D 2488)
defines clay following the above ASTM definition and combining particle size with
behavioral aspects.

A second cause of confusion regarding clay terminology is that clay can be defined
purely mineralogically (i.e., on the basis of mineral composition) rather than on the basis of
size and/or mechanical behavior only. Different investigators propose different definitions:

e  “The term clay implies an earthy, fine-grained material which develops plasticity
when mixed with a limited amount of water. Chemical analysis of clays shows
that they are made up of hydrous aluminosilicates, frequently with appreciable
amounts of iron, magnesium, calcium, sodium, and potassium” (Berry and Mason,
1959, pp. 502-503).

e  “Asamineral term, it (i.e. clay) refers to specific clay minerals, which are
distinguished by (1) small particle size, (2) a net negative electrical charge, (3)
plasticity when mixed with water, and (4) high weathering resistance. These
minerals are primarily hydrous aluminum silicates, with magnesium or iron
occupying all or part of the aluminum positions in some minerals, and with alkalis
(e.g., sodium, potassium) or alkaline earths (e.g. calcium) also present in some of
them (Grim 1962, 1968)” (Mitchell, 1993, p. 18).

e  “Asused in this report, ‘clay’ refers to any fine-grained, earthen, generally plastic
material containing a substantial proportion of clay minerals” (Meyer and
Howard, 1983, p. 1).

A variety of clays could be considered for nuclear repository sealing purposes. For WIPP, as
for most nuclear waste repository projects, bentonite has been and continues to be a prime
candidate as a clay type sealing material. “Bentonite clay is chosen here because of its
overwhelming positive sealing characteristics” (DOE/WIPP, 1995, p. 43). Bentonite is a
highly plastic swelling clay material (e.g., Mitchell, 1993, p. 31), consisting predominantly
of smectite minerals (e.g., IAEA, 1990, p. 11). Montmorillonite, the predominant smectite
mineral in most bentonites, has the typical platelike structural characteristics of most clay
minerals. It has an extremely large surface area, and this in turn directly explains many of
the characteristics of bentonite (notably those of importance for sealing performance):

e  “Many ... soil properties are attributable to surface phenomena. These properties
can be correlated—they are even approximately proportional—to the specific
surface area of the solid phase™ (Koorevaar et al., 1983, p. 11).

e  “The specific surface area of clay minerals, which governs many soil properties,
varies from one mineral to another” (Koorevaar et al., 1983, p. 15).




The fundamental structural component of the phyllosilicate minerals, to which clay
minerals belong, is the silica (SiO,) tetrahedron. These tetrahedrons occur in sheets.
Octahedral layers of cations (e.g., aluminum) occur parallel to the tetrahedral sheets. In
montmorillonite, both surfaces of an octahedral sheet are shared with a tetrahedral sheet,
resulting in a three-layer clay mineral. In general, the chemical composition of
montmorillonite can be written as (Na,Ca), 33(Al,Mg), Si,0,,(OH), xH,O (Berry et al.,
1983, p. 424). The three-layer sheets are loosely bonded with dipolar water molecules and
cations. The weakness of the bond between the sheets allows for ready separation and
resulting volume changes. The idealized structure as described here is more theoretical than
actual, however, as various isomorphous substitutions are common. The weak bonding
explains the high cation exchange capacity of montmorillonites.

Virtually all the physical and mechanical attributes of bentonite will depend on the
as-emplaced conditions. Hence such attributes will be a function of the primary design and
the specified construction variables, e.g., density (or void ratio) and water content. They
possibly are a function of the composition of the water with which the bentonite is prepared.
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5. BENTONITE PROPERTIES AND CHARACTERISTICS OF
PARTICULAR RELEVANCE TO WIPP SEALING

A number of bentonite properties and characteristics are important from a sealing
perspective. A primary characteristic is permeability or hydraulic conductivity. Although
bentonite is known to have extremely low permeability under many conditions, it also is
known to be a rather complex material. Its properties, specifically its permeability, are
affected by many factors. A major objective of the data base assembled here is to identify
the likely permeability of bentonite under WIPP conditions, or, conversely, to determine
bentonite seal design specifications that will meet the minimum WIPP sealing requirements.

5.1. Permeability/Hydraulic Conductivity

A variable of primary interest with respect to repository sealing is the hydraulic
conductivity of the seal material. The hydraulic conductivity of bentonite depends on
numerous factors, e.g., the emplaced density, the chemical composition of the permeant, the
bentonite structure, and the hydraulic gradient.

The permeability of dense bentonite is about 1x10"° to 1x10%' m? (1 x10” to
1x107 m/s). Table 2 and Figures 1 and 2 give reported permeabilities of bentonite and
bentonite mixtures. Figure 2 contains all data in Table 2.

5.1.1 Permeability to Water/Brine

Bentonite is widely used as a sealant; as a result, an extensive data base exists with
reference to the permeability of bentonite. Bentonite has been researched extensively within
the context of the Swedish and Canadian nuclear waste disposal programs, in conjunction
with international cooperative programs. Within the context of nuclear waste disposal, the
sealing properties of bentonite have been studied in considerable detail, i.e. with attention to
the numerous factors that may influence bentonite behavior. Hence results obtained in the
nuclear waste disposal context may be more complete and more reliable than results
obtained in conventional sealing applications, where investigations may not be as detailed
or complete. Figures 1 and 2 show the permeability of typical bentonite and bentonite
mixture seals at varied dry density as a function of bentonite content.

Westsik et al. (1982) as quoted by Allen and Wood (1988) measured hydraulic
conductivities in the range of 4.6 to 6.7x1 0% m? for sodium bentonite compacted to a high
density (2.1 g/cm3 dry) with a synthetic basalt groundwater utilizing various hydraulic
gradients and heads.

11
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Table 2. Reported Hydraulic Conductivity of Compacted Bentonite and Bentonite Mixtures

Material Composition Density Hydraulic TCC)' | Pressure Test Type Permeant Reference
(%) Conductivity (m/s) Gradient

Bentonite/shale 12:88 1.765 2.01x10™° 24 triaxial, lab 4MNaCl |Haugetal, 1988
Bentonite/shale 12:88 1.765 1.65x10™"° 61 triaxial, lab 4 M NaCl Haug et al., 1988
Bentonite/shale 12:88 1.765 1.58x10™" 121 triaxial, lab 4MNaCl | Haug etal., 1988
Bentonite/fly ash/sand 12:3:85 1.6 4.0x10" triaxial, lab 4MNaCl | Haugetal., 1988
Bentonite/sand 15:85 1.865 1.0x10” 14 triaxial, lab 4 M NaCl Haug et al., 1988
Bentonite/sand 15:85 1.865 2.0x10” 28.8 triaxial, lab 4 M NaCl Haug ¢t al., 1988
Bentonite/sand 15:85 1.865 6.3x101° 115 triaxial, lab 4MNaCl  |Haugetal, 1988
Bentonite 100 0.6 6.1x 107 3000 DDW Bucher et al., 1986
Bentonite 100 0.6 7.0x10° 3000 1.2 M Saline | Bucher ct al., 1986
Bentonite 100 1.02 2.6x107" 460 DDW Dixon et al., 1987
Bentonite 100 1.02 6.3x10" 1700 DDW Dixon et al., 1987
Bentonite 100 1.12 4.5x10™ 1550 DDW Dixon et al., 1987
Bentonite 100 1.12 1.6x 102 3100 DDW Dixon et al., 1987
Bentonite 100 1.12 4.5x10™ >3100 DDW Dixon et al., 1987
Bentonite 100 .22 3.7x10°" 1580 DDW Dixon et al., 1987
Bentonite 100 1.22 ~3.1x10°P >3100 DDW Dixon et al., 1987
Bentonite 100 1.24 1.0x10™ 1560 Saline Dixon et al., 1987
Bentonite 100 1.24 5.0x10™" 1560 DDW Dixon et al., 1987
Bentonite 100 1.24 3.5x10" 3120 DDW Dixon et al., 1987
Bentonite 100 1.24 32x10°" >3120 DDW Dixon et al., 1987
Bentonite 100 142 1.9x10™ 2000 DDW Pusch, 1980
Bentonite 100 1.42 2.1x10" 5000-10000 DDW Pusch, 1980
Bentonite 100 143 ~1.8x10" 1700-3400 DDW Dixon et al., 1987
Bentonite 100 1.46 1.8x107"° 1600-8000 Saline Dixon et al., 1987
Bentonite 100 1.5 1.9x107" 2000 DDW Dixon et al., 1987
Bentonite 160 1.8 9.0x10™ 2000 DDW Pusch, 1980
Bentonite 100 1.8 1.1x10™ 500-10000 DDW Pusch, 1980
Bentonite/sand 50:50 1.21 4.2x10™" 25 Dixon et al., 1987
Bentonite/sand 50:50 1.21 3.7x10™" 50 Dixon et al., 1987
Bentonite/sand 50:50 1.21 8.0x10™"2 75 Dixon et al., 1987
Bentonite/sand 50:50 1.32 2.0x10" 25 Dixon et al., 1987
Bentonite/sand 50:50 1.32 1.6x10°° 50 Dixon et al., 1987
Bentonite/sand 50:50 132 3.0x10" 75 Dixon et al., 1987
Bentonite/fly ash 1.9-32x10™"' Edil et al., 1987
Bentonite/soil 2310 - 5,0x10""! Chapuis, 1982
Bentonite/soil 3x10° - 1,0x10™"! Lundgren, 1981

T T= temperature (room temperature unless otherwise specified); * = mixed with saltwater; DDW = distilled deionized water. Blank cells indicate that information is not available.
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Table 2. Reported Hydraulic Conductivity of Compacted Bentonite and Bentonite Mixtures

Material Composition Density Hydraulic T(CC)! | Pressure Test Type Permeant Reference
(%) Conductivity (m/s) Gradient

Bentonite/soil 3.0x107 - 1.4x10°" Haile, 1985
Bentonite/soil 1.6x10° - 1,4x10™"! Gipson, 1985
Bentonite/soil 2.5x10™ - 1.2x107" Pusch & Alstermark, 1985
Bentonite/soil 2x10° - 8.0x10™" Holopainen, 1985
Bentonite/soil 2x10°% - 7.0x107"° Jessberger et al., 1985
Bentonite/soil 5x10° - 8.0x10°"* Haxo et al., 1985
Bentonite/soil 1107 - 6.3x107"° Haug, 1985
Bentonite/soil 2.7x107 - 1.6x10™" Garlanger et al., 1987
Bentonite/soil 1107 - 1.0x10™"? Kenney et al., 1992
Bentonite/soil 2.7x10%-2.9x10° Stockmeyer, 1992
Bentonite/sand 4 1.65 8.1x10™° Consolidation cell | DDW Kenney et al., 1992
Bentonite/sand 4 1.65 2.1x10” Consolidation cell .|0.7 M NaCl- |Kenney et al., 1992
Bentonite/sand 4 1.65 5.0x10 Consolidation cell |{DDW Kenney et al., 1992
Bentonite/sand 4 1.65 1.0x10° Consolidation cell |0.7 M NaCl |Kenney et al., 1992
Bentonite/sand 4 1.65 64x10° Consolidation cell | DDW Kenney et al., 1992
Bentonite/sand 4 1.65 12x10° Consolidation cell | 0.7 M NaCl |Kenney et al., 1992
Bentonite/sand 8 1.51 2.1x10° Consolidation cell | DDW Kenney et al., 1992
Bentonite/sand 8 1.51 4.8x10” Consolidation cell {0.7 M NaCl |Kenney et al., 1992
Bentonite/sand 8 1.49 2.2x10° Consolidation cell | DDW Kenney et al., 1992
Bentonite/sand 8 1.49 5.4x10° Consolidation cell 0.7 MNaCl |Kenney et al., 1992
Bentonite/sand 8 1.51 2.1x107 Consolidation cell |DDW Kenney et al., 1992
Bentonite/sand 8 1.51 5.5x10°" Consolidation cell {0.7 MNaCl |Kenney etal., 1992
Bentonite/sand 8 1.56 9.2x10™" Consolidation cell | DDW Kenney et al,, 1992
Bentonite/sand 8 1.56 1.5x10™"° Consolidation cell |0.7 M NaCl |Kenney et al., 1992
Bentonite/sand 12 147 6.1x10™" Consolidation cell | DDW Kenney et al., 1992
Bentonite/sand 12 147 9,1x10™" Consolidation cell |0.7MNaCl |Kenney etal,, 1992
Bentonite/sand 8 1.72 6.4x10” Consolidation cell ]0.7 MNaCl |Kenney etal., 1992
Bentonite/sand 1.72 1.2x107 Consolidation cell | DDW Kenney et al., 1992
Bentonite/sand 16 1.71 6.8x10" Consolidation cell |0.7 M NaCl | Kenney et al., 1992
Bentonite/sand 16 1.71 3.2x10! Consolidation cell | DDW Kenney et al., 1992
Bentonite 100 0.43 2.1x10™" DDW Kenney et al., 1992
Bentonite 100 0.57 5.9x10™" DDW Kenney et al., 1992
Bentonite 100 0.74 5.2x107™2 DDW Kenney et al., 1992
Bentonite 100 0.38 5.7x10™" DDW Kenney et al., 1992
Bentonite 100 0.38 1.1x107"° 0.7MNaCl |Kenney etal., 1992
Bentonite 100 0.46 3.1x10™" DDW Kenney et al., 1992

¥ T= temperature (room temperature unless otherwise specified); * = mixed with saltwater; DDW = distilled deionized water, Blank cells indicate that information is not available.
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Table 2. Reported Hydraulic Conductivity of Compacted Bentonite and Bentonite Mixtures

Material Composition Density Hydraulic T (°C)' Pressure Test Type Permeant Reference
(%) Conductivity (m/s) Gradient

Bentonite 100 0.46 4.7x10°" 0.7 MNaCl | Kenney et al., 1992
Bentonite 100 0.31 1.6x10™" DDW Kenney et al., 1992
Bentonite 100 0.31 3.7x10°" 0.7MNaCl |Kenneyetal., 1992
Bentonite 100 0.27 29x10™"° DDW Kenney et al., 1992
Bentonite 100 0.27 4.7x10™"° 0.7MNaCl [ Kenney et al., 1992
Bentonite* 0.66 8.7x10™"° 0.7MNaCl |Kenney et al., 1992
Bentonite* 0.69 6.4x107° 0.7MNaCl |Kenney et al., 1992
Bentonite* 0.79 2.8x1071° 0.7MNaCl |[Kenney et al,, 1992
Bentonite* 091 9.7x10™" 0.7MNaCl |Kenney etal., 1992
Bentonite* 1.11 2.1x10" 0.7 MNaCl |Kenney etal., 1992
Bentonite* 0.58 1.3x10° 0.7M NaCl |Kenney et al,, 1992
Bentonite* 0.68 4.4x10™"° 0.7MNaCl [Kenney et al., 1992
Bentonite* 0.78 2.0x107° 0.7MNaCl |Kenney et al., 1992
Bentonite* 0.78 2.9x10™"! DDW Kenney et al., 1992
Bentonite* 0.58 1.1x10° 0.7 MNaCl {Kenney et al., 1992
Bentonite* 0.58 2.8x10™" DDW Kenney et al., 1992
Bentonite* 0.63 3.7x10° 0.7MNaCl |Kenney et al., 1992
Bentonite* 0.63 3.8x107" DDW Kenney et al., 1992
Na-bentonite 2.1 2.2x107" 25 Oedometer Pusch, 1982
Na-bentonite 1.94 7.8x10™ 25 Oedometer Pusch, 1982
Na-bentonite 1.94 1.1x10™" 25 Oedometer Pusch, 1982
Na-bentonite 1.89 L1x10™" 25 Oedometer Pusch, 1982
Na-bentonite 1.89 1.2x10°" 25 Oedometer Pusch, 1982
Na-bentonite 1.92 1.28x107° 25 QOedometer Pusch, 1982
Na-bentonite 2.06 128x10" 75 Oedometer Pusch, 1982
Na-bentonite 1.89 1.4x107° 75 Ocdometer Pusch, 1982
Na-bentonite 1.94 1.5x107" 75 Oecdometer Pusch, 1982
Na-bentonite 1.94 1.67x10°" 75 Oedometer Pusch, 1982
Na-bentonite 1.8-2.1 2.3x10™" 10° Pusch, 1982
Na-bentonite 1.8-2.1 2.0x102 2x10° Pusch, 1982
Na-bentonite 1.8-2.1 1.9x107" 10° Pusch, 1982
Bentonite 100 1.4 1.3x10™" Mingarro et al., 1991
Bentonite 100 1.6 77%10°" Mingarro et al., 1991
Bentonite 100 1.8 3.3x10™" Mingatro et al., 1991
Bentonite 100 2.0 8.1x10™ Mingarro et al., 1991
Bentonite/granite 75:25 1.46 8.3x10™" Mingarro et al., 1991

¥ T=temperature (room temperature unless otherwise specified); * = mixed with saltwater; DDW = distilled deionized water, Blank cells indicate that information is not available.
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Table 2. Reported Hydraulic Conductivity of Compacted Bentonite and Bentonite Mixtures

Material Composition Density Hydraulic TEC) | Pressure Test Type Permeant Reference
(%) Conductivity (m/s) Gradient
Bentonite/granite 75:25 1.63 5.9x10™" Mingarro et al., 1991
Bentonite/granite 75:25 1.83 9.0x10™" Mingarro et al., 1991
Bentonite/granite 75:25 2.00 1.3x10°" Mingatro et al., 1991
Bentonite/granite 50:50 1.40 1.4x10° Mingarro et al., 1991
Bentonite/granite 50:50 1.60 54x10™"° Mingarro et al., 1991
Bentonite/granite 50:50 1.80 6.3x10™" Mingarro et al., 1991
Bentonite/granite 50:50 2.00 3.4x10"! Mingarro et al., 1991
Bentonite/granite 25:75 1.41 3.5x10° Mingarro et al,, 1991
Bentonite/granite 25:75 1.65 1.4x10" Mingarro et al., 1991
Bentonite/granite 25:75 1.80 9.5x10” Mingarro et al., 1991
Bentonite/granite 25:75 2.00 4.4x10” Mingarro et al., 1991
Bentonite/sands 10 1.46 5.1x10° Chapuis, 1990
Bentonite/sands 10 1.7{ 74x10° Chapuis, 1990
Bentonite/sands 15 1.52 1.4x10™" Chapuis, 1990
Bentonite/sands 5 1.15 5.7x10™" Chapuis, 1990
Bentonite/sands 10 1.28 2.0x10° Chapuis, 1990
Bentonite/sands 5 1.34 2.8x10" Chapuis, 1990
Bentonite/sands 10 1.19 3.2x10°% Chapuis, 1990
Bentonite/sands 5 1.22 1.0x10” Chapuis, 1990
Bentonite/sands 10 0.92 9.1x10™ Chapuis, 1990
Bentonite/sands 5 1.47 1.0x10 Chapuis, 1990
Bentonite/sands 10 1.36 2.1x10° Chapuis, 1990
Bentonite/sands 20 1.32 2.6x10™"! Chapuis, 1990
Bentonite/sands 2 1.31 8.0x107 Chapuis, 1990
Bentonite/sands 3 1.52 2.0x107 Chapuis, 1990
Bentonite/sands 4 1.36 6.0x10” Chapuis, 1990
Bentonite/sands 6 1.78 9.8x10" Chapuis, 1990
Bentonite/sands 8 1.77 2.9x10® Chapuis, 1990
Bentonite/sands 7 1.85 1.2x10° Chapuis, 1990
Bentonite/sands 7 1.85 6.9x10* Chapuis, 1990
Bentonite/sands 7 1.83 1.2x107 Chapuis, 1990
Bentonite/sands 3 1.79 2.2x10° Chapuis, 1990
Bentonite/sands 6 1.75 6.0x10™° Chapuis, 1990
Bentonite/sands 3 1.75 2.2x10° Chapuis, 1990
Bentonite/sands 6 1.74 1.2x10% Chapuis, 1990
Bentonite/sands 25 143 2.6x10™" Chapuis, 1990

f T= temperature (room temperature unless otherwise specified); * = mixed with saltwater; DDW = distilled deionized water. Blank cells indicate that information is not available.
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Table 2. Reported Hydraulic Conductivity of Compacted Bentonite and Bentonite Mixtures

Material Composition Density Hydraulic T (°C)f Pressure Test Type Permeant Reference
(%) Conductivity (m/s) Gradient

Bentonite/sands 333 1.29 1.2x10" Chapuis, 1990
Bentonite/sands 33.3 1.3 4.9x10™" Chapuis, 1990
Bentonite/sands 20 1.57 9,7x10""! Chapuis, 1990
Bentonite/sands 2.5 191 2.2x107° Chapuis, 1990
Bentonite/sands 3 1.93 8.3x10™° Chapuis, 1990
Bentonite/sands 4.7 1.75 1.4x10° Chapuis, 1990
Bentonite/sands 5.8 1.74 6.4x107 Chapuis, 1990
Bentonite/sands 6.4 1.78 2.1x107 Chapuis, 1990
Bentonite/sands 7.5 1.81 1.1x10° Chapuis, 1990
Bentonite 100 2.1 1.5x10 Room Pusch & Carlsson, 1985
Bentonite 100 20 2.0x10™* Room Pusch & Carlsson, 1985
Bentonite 100 19 3.0x10°" Room Pusch & Carlsson, 1985
Bentonite 100 1.8 5.0x10™ Room Pusch & Carlsson, 1985
Bentonite 100 1.7 8.0x10™ Room Pusch & Carlsson, 1985
Bentonite 100 2.1 1.5x102 70 Pusch & Carlsson, 1985
Bentonite 100 2.0 2.0x10™ 70 Pusch & Carlsson, 1985
Bentonite 100 19 5.0x10™" 70 Pusch & Carlsson, 1985
Bentonite 100 1.8 8.0x10™ 70 Pusch & Carlsson, 1985
Bentonite 100 1.7 1.0x10™ 70 Pusch & Carlsson, 1985
Bentonite 100 1.13 2.6x10"2 Dixon et al., 1992a
Bentonite 100 1.20 9.2x107" Dixon et al., 1992a
Bentonite 100 131 6.3x10™ Dixon et al., 1992a
Bentonite 100 1.30 8.2x10" Dixon et al., 1992a
Bentonite 100 135 3.7x103 Dixon et al., 1992a
French clay 1.40 3.0x107" Atabek et al., 1990
French clay 1.50 1.ox10™3 Atabek et al., 1990
French clay 1.60 8.0x10™ Atabek et al., 1990
French clay 1.70 5.0x10™" Atabek et al., 1990
Bentonite/crushed granite 25:75 1.88 2.1x10" 302 Radhakrishna & Chan, 1982
Bentonite/crushed granite 25:75 1.88 3,7x10M! 271.0 Radhakrishna & Chan, 1982
Bentonite/crushed granite 50:50 156 3.7x10™" 90.3 Radhakrishna & Chan, 1982
Bentonite/crushed granite 50:50 1.56 1.8x10™2 967.5 Radhakrishna & Chan, 1982
Bentonite/crushed granite 50:50 1.59 7.8x10™"2 70.3 Radhakrishna & Chan, 1982
Bentonite/crushed granite 50:50 1.59 9.2x10™" 70.3 Radhakrishna & Chan, 1982
Na-bentonite 1.09 3.07x10" DDW Dixon et al., 1987
Na-bentonite 1.17 9.92x10" DDW Dixon et al., 1987

t T= temperature (room temperature unless otherwise specified); * =mixed with saltwater; DDW = distilled deionized water. Blank cefls indicate that information is not available.
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Table 2. Reported Hydraulic Conductivity of Compacted Bentonite and Bentonite Mixtures

Material Composition Density Hydraulic T (°C)* Pressure Test Type Permeant Reference
(%) Conductivity (m/s) Gradient
Na-bentonite 12 9.67x10™" DDW Dixon et al., 1987
Na-bentonite 123 6.02x10™" DDW Dixon et al., 1987
Na-bentonite 125 3.07x10" DDW Dixon et al., 1987
Na-bentonite 1.32 8.54x10™" DDW Dixon et al., 1987
Na-bentonite 128 6.65x10™" DDW Dixon et al., 1987
Na-bentonite 13 5.05x10™" DDW Dixon et al., 1987
Na-bentonite 1.55 9.43x10°" DDW Dixon et al., 1987
Na-bentonite 1.43 9.01x10" DDW Dixon et al., 1987
Na-bentonite 157 1.81x107° ] DDW Dixon et al., 1987
Na-bentonite 1.5 1.34x10° - DDW Dixon et al., 1987
Na-bentonite 148 9.96x10™" DDW Dixon et al., 1987
Na-bentonite 147 5.89x10™ DDW Dixon et al., 1987
Na-bentonite 1.59 1.78x10™" DDW Dixon et al., 1987
Na-bentonite 173 1.91x10°8 DDW Dixon et al., 1987
Na-bentonite 2.07 2.11x10°" DDW Dixon et al., 1987
Na-bentonite 1.88 9.24x10™" DDW Dixon et al., 1987
Na-bentonite 1.69 7.57x10™ DDW Dixon et al., 1987
Na-bentonite ' 1.68 7.76x10™ DDW Dixon et al., 1987
Na-bentonite 1.81 4.59x10™ DDW Dixon et al., 1987
Na-bentonite 1.86 3.49x10™ DDW Dixon et al., 1987
Na-bentonite 1.8 1.91x10" DDW Dixon et al., 1987
Na-bentonite 192 7.05x10™" DDW Dixon et al., 1987
Na-bentonite 2.12 6.54x10°° DDW Dixon et al., 1987
Na-bentonite 22 5.35x107"° DDW Dixon et al., 1987
Na-bentonite 0.501 1.06x10” DDW Dixon et al., 1987
Na-bentonite 125 2.99x10™" DDW Dixon et al., 1987
Na-bentonite 1.3 2.84x107 DDW Dixon et al., 1987
Na-bentonite 132 2.84x10™" DDW Dixon et al., 1987
Na-bentonite 1.34 2.06x10°" . DDW Dixon et al., 1987
Na-bentonite 1.34 1.68x10" DDW Dixon et al., 1987
Na-bentonite 143 3.14x10°"° DDW Dixon et al., 1987
Na-bentonite 141 1.91x10" DDW Dixon et al., 1987
Na-bentonite 141 1.38x10" DDW Dixon et al., 1987
Na-bentonite 1.44 1.16x10™ DDW Dixon et al., 1987
Na-bentonite 1.52 2.45x10™" DDW Dixon et al,, 1987
Na-bentonite 1.5 1.77x10°3 DDW Dixon et al., 1987

Tr= temperature (room temperature unless otherwise specified); * =mixed with saltwater; DDW = distilled deionized water. Blank cells indicate that information is not available.
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Table 2. Reported Hydraulic Conductivity'of Compacted Bentonite and Bentonite Mixtures

Material Composition Density Hydraulic T (°C)r Pressure Test Type Permeant Reference
(%) Conductivity (m/s) Gradient
Na-bentonite 1.5 1.10x10°" DDW Dixon et al., 1987
Na-bentonite 1.52 1.38x10°" DDW Dixon et al., 1987
Na-bentonite 1.4 2.01x107" DDW Dixon et al., 1987
Na-bentonite 1.71 3.07x10™" DDW Dixon et al., 1987
Na-bentonite 1.88 3.56x10°° DDW Dixon et al., 1987
Na-bentonite 1.78 9.47x10" DDW Dixon et al., 1987
Na-bentonite 1.68 9.71x107* DDW Dixon et al., 1987
Na-bentonite 1.66 7.20x107" DDW Dixon et al., 1987
Na-bentonite 1.75 5.89x10™" DDW Dixon et al., 1987
Na-bentonite 1.78 4.05x10™ DDW Dixon et al., 1987
Na-bentonite 1.83 {2.79x10" DDW Dixon et al., 1987
Na-bentonite 19 3.16x10™" DDW Dixon et al., 1987
Na-bentonite 2.04 7.79x10°% DDW Dixon et al., 1987
Na-bentonite 2.17 6.71x10™"° DDW Dixon et al., 1987
Na-bentonite 2.23 6.87x10°° DDW Dixon et al., 1987
Na-bentonite 0.67 6.22x10” DDW Dixon et al., 1987
Na-bentonite 1.17 1.24x107? DDW Dixon et al., 1987
Na-bentonite 1.36 6.14x10™" DDW Dixon et al., 1987
Na-bentonite 131 6.96x10" DDW Dixon et al., 1987
Na-bentonite 137 3.71x107" DDW Dixon et al., 1987
Na-bentonite 1.19 1.47x10™"! DDW Dixon et al., 1987
Na-bentonite 1.1 1.63x10™" DDW Dixon et al., 1987
Na-bentonite 12 3.20x10™"! DDW Dixon et al., 1987
Na-bentonite 1.17 3.81x10™" DDW Dixon et al., 1987
Na-bentonite 1.14 5.14x10™"! DDW Dixon et al., 1987
Na-bentonite 1.15 9.12x10™"" DDW Dixon et al., 1987
Na-bentonite 1.07 5.14x10"! DDW Dixon et al., 1987
Na-bentonite 1.04 3.36x10" DDW Dixon et al., 1987
Na-bentonite 0.887 2.49x10™" DDW Dixon et al., 1987
Na-bentonite 1.03 1.47x1071° DDW Dixon et al., 1987
Na-bentonite 1.08 2.36x10" DDW Dixon et al., 1987
Na-bentonite 1.05 2.30x10°" DDW Dixon et al., 1987
Na-bentonite 1.03 2.48x10™° DDW Dixon et al., 1987
Na-bentonite 1.02 1.33x101° DDW Dixon et al., 1987
Na-bentonite 0.884 2.55x10™" DDW Dixon et al., 1987
Na-bentonite 0.989 419x107° DDW Dixon et al,, 1987

1= temperature (room temperature unless otherwise specified); * = mixed with saltwater; DDW = distilled deionized water. Blank cells indicate that information is not available.
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Table 2. Reported Hydraulic Conductivity of Compacted Bentonite and Bentonite Mixtures

Material Composition Density Hydraulic T (°C)' Pressure Test Type Permeant Reference
(%) Conductivity (m/s) Gradient
Na-bentonite 0.904 1.79x10° DDW Dixon et al,, 1987
Na-bentonite 0.877 1.93x10" DDW Dixon et al., 1987
Na-bentonite 0.87 4.29x101° DDW Dixon et al., 1987
Na-bentonite 0.836 6.73><10‘ﬁ DDW Dixon et al., 1987
Na-bentonite 0.792 4.29x10™"° DDW Dixon et al., 1987
Na-bentonite 0.609 1.98x10"° DDW Dixon et al., 1987
Na-bentonite 2.34 2.28x10™ 12MNaCl |Dixonetal., 1987
Na-bentonite 2.1 1.45x10°° 12 M NaCl |Dixon et al., 1987
Na-bentonite 1.99 3.08x10™" 1.2 M NaCl | Dixon et al., 1987
Na-bentonite 2.08 8.75x10°"° 12 MNaCl |Dixon et al., 1987
Na-bentonite 1.73 5.47x107" 12MNaCt | Dixon et al., 1987
Na-bentonite 1.54 1.60x10°" 1.2MNaCl |Dixonetal., 1987
Na-bentonite 1.39 2.77x10°8 1.2 MNaCl |Dixon etal., 1987
Na-bentonite 132 2.16x10" 1.2 MNaCl |Dixon et at., 1987
Na-bentonite 1.33 4.81x10" 1.2 MNaCl [Dixon et al., 1987
Na-bentonite 1.34 6.17x10°" 1.2 MNaCl |Dixon et al., 1987
Na-bentonite 1.31 6.49x10" 12 MNaCl |Dixon et al., 1987
Na-bentonite 1.32 1.10x10™2 1.2 MNaCl |Dixonetal., 1987
Na-bentonite 1.28 221x107" 1.2 M NaCl |Dixon etal., 1987
Na-bentonite 127 3.64x10°" 1.2MNaCl |Dixon et al., 1987
Na-bentonite 1.19 1.89x107" 12MNaCl | Dixon et al., 1987
Na-bentonite 1.12 3.28x10"" 12 MNaCl |Dixonetal., 1987
Na-bentonite 0.894 1.75x10™" 12 MNaCl |Dixon et al., 1987
Na-bentonite 0.918 4.00x10™"! 12MNaCl |Dixonetal., 1987
Na-bentonite 0.935 6.27x10"" 1.2 MNaCl |Dixon et al., 1987
Na-bentonite 1.12 1.17x101° 1.2 M NaCl | Dixonet al., 1987
Na-bentonite 1.07 1.84x10™" 1.2M NaCl |Dixonetal., 1987
Na-bentonite 1.07 3.18x10"° 1.2 M NaCl |Dixon etal., 1987
Na-bentonite 1.12 9.75x10” 1.2MNaCl |Dixon et al., 1987
Na-bentonite 0.681 6.85x10™ 1.2 MNaCl |Dixonetal., 1987

tr= temperature (room temperature unless otherwise specified); * = mixed with saltwater; DDW = distilled deionized water. Blank cells indicate that information is not available.
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Figure 1. Hydraulic conductivity of compacted mixtures of bentonite with sand, crushed
granite, or soils as a function of bentonite content (after Meyer and Howard,
1983; Mingarro et al., 1991).

Influence of Compaction/Density

Figure 2 shows the reported permeability of compacted bentonite and of bentonite
mixtures with sand, crushed rock, and fly ash. The permeability of a bentonite seal relates to
the void space or density. At the same density, pure bentonite has much lower permeability
than bentonite mixtures. Compacted bentonite has fewer pore spaces for fluid flow. It is not
necessary that materials with the same density have the same void space because the
specific gravity of materials varies significantly. The specific gravity of bentonite varies
from 2.4 to 2.8, which makes significant difference in terms of the void ratio for seals with
the same dry density.
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Figure 2. Reported hydraulic conductivity of compacted bentonite and bentonite mixtures
as a function of dry density.

Influence of Permeant Chemistry/Brine

Alther (1982) summarized the influence of solution chemistry on sodium bentonite
permeability (see Table 3). Calcium chloride, calcium sulfate, and calcium phosphates cause
an increase in viscosity (i.e., flocculation or gelling) and hence increase permeability
drastically. Acids dissolve part of the lattice over longer time periods. In the short term, they
also flocculate the clay and cause an increase in permeability. High concentrations of Ca,
Mg and total salts also increase permeability. Sodium salts decrease the permeability at
certain percentages but increase it at higher percentages because competition for space
between the sodium ions takes place, resulting in overcrowding and gelling.
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Table 3. The Influence of Permeant Chemistry on Bentonite Permeability

Permeant Chemistry Filter Cake Soil Bentonite Backfill
Ca orMg @ 1,000 ppm N N
Ca™ orMg™~ @ 10,000 ppm M M
NH,NO; @ 10,000 ppm M M
HCI (1%) N N
H,S0, (1%) M N
HCl M/H* M/H*
NaOH (1%) M M
CaOH (1%) M M
NaOH (5%) M M/H*
Sea Water N/M N/M
Brine (G=1.2) M M
Acid Mine Drainage FeSO, (pH=3) N N
Lignin (in Ca’ solution) N N
Alcohol H(failure) M/H

Data from D’ Appolonia (1980).

N = No significant effect; permeability increase by about a factor of 2 or less at steady state.
M = Moderate effect; permeability increase by about a factor of 2 to 5 at steady state.

H = permeability increase by a factor of 5 to 10.

* = Significant dissolution likely.

Kenney et al. (1991) observed that the “hydraulic conductivity of mixtures
containing high-swell bentonite, when permeated with a strong saline solution, increased by
only a small amount, indicating that the fabric of bentonite enclosed within the framework
was little influenced by this change of system chemistry.”

Peterson and Kelkar (1983) observed a slight decrease in the hydraulic conductivity
of bentonite samples when flow tested with a brine rich in Na' and Mg+2 (compared to flow
tests with deionized water), from about 2 to 3x 10" m/s to about 1.1 to 2x107" mys.

Barbour (1987) presents data that show an increase by a factor of five for the
permeability of a sand/Ca-bentonite sample after permeation with a 4.0 M NaCl brine.
Barbour argues persuasively, although with limited support from experimental data, that the
confining pressure may be a determining factor on whether the permeability will increase or
not as a result of brine penetration. This topic may deserve further attention for WIPP shaft
sealing, where shaft creep closure is expected to provide an active confining pressure.

Barbour (1987) and Sego et al. (1987) reference work by Ridley (1985) and Ridley
et al. (1983) to raise some serious concerns about the validity of a widely used method for
measuring permeability, namely rigid wall permeameters for studying the influence of brine
on permeability. A rigid wall permeameter may not be appropriate to obtain true
permeability measurements because it does not compensate for the shrinkage that may occur
in field situations. Fernandez and Quigley (1988) present results that tend to support this
concern. Their results of permeability tests on clays using water-soluble organic liquids
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show that an even rather modest stress applied to the clay largely eliminates the large
permeability increases that are observed in unpressured samples. Fernandez and Quigley
note that even a modest stress (about 160 kPa) suffices to prevent permeability increases.

Almanza and Lozano (1990) subjected Ca-montmorillonite to flow tests with fresh
water and with NaCl brine of 60% saline saturation at 50°C. The permeability was
essentially the same for the two permeants. The authors conclude that a Ca-montmorillonite
may be a better sealant against Na brine flow than a Na bentonite, even through it has a
much smaller swelling capacity, because the exchange of one Ca™ ion by two Na™ ions
results in a permeability decrease.

For sodium bentonite, the permeability increases when saline solutions (0.7 to 1.2 M
NaCl) are the permeate (Figure 3). Kenney et al. (1992) conducted hydraulic conductivity
tests on compacted bentonite/sand mixtures using distilled water and 0.7 mol/L salt water as
the permeants. Samples with dry density of 1.5, 1.65, or 1.85 g/cm’ and with bentonite to
sand ratios of 0.05 to 0.25 were tested. The hydraulic conductivity of bentonite permeated
with salt water is about two orders of magnitude higher than that permeated with distilled
water. Kenney et al. (1992) also found that bentonite samples mixed with brine and
permeated with 0.7 M brine can have a hydraulic conductivity about two orders of
magnitude higher than samples mixed with distilled water and permeated with 0.7 M brine.

Yang and Barbour (1992) studied the influence of brine on clay permeability. Fresh
water and brine (5.0 M NaCl) were permeated through static-compacted, kneading-
compacted, or slurry samples of Regina Clay (45.2 % montmorillonite, calcium based).
Yang and Barbour found that brine increases the hydraulic conductivity of the clay 2 to 6
times at confining pressures less than 10 kPa, and about 2 times when the confining
pressure is higher than 50 kPa. Haug et al. (1990) obtained test results from which they
concluded that a NaCl brine had an insignificant effect on the hydraulic conductivity of
illite/bentonite mixes under high confining stresses. Under low confining pressures,
hydraulic conductivity increases significantly. Yang and Barbour (1992) concluded that
brine permeation through clays does not change the microstructure of the clay significantly;
it does, however, increase the size of interaggregate pores.

According to Mitchell (1976, p. 112), NaCl concentration influences the interlayer
thickness, which dominates the swelling pressure and hydraulic conductivity of bentonite
when it is saturated. For a montmorillonite clay with a specific surface of 800 m?/g and a
cation exchange capacity of 83 meq/100 g, the thickness of the interlayer is 333 A when
saturated with a solution of 0.83x10™ A/ NaCl, and 1.25 A when saturated with a solution of
6 M NaCl (Figure 4). The decreased thickness of interlayers reduces the swelling capacity of
montmorillonite and increases the hydraulic conductivity. It seems that salt/brine has
significant influence on the swelling and flow properties of bentonite. However, the
bentonite seal should retain its original physical and chemical properties if the emplaced
bentonite is never penetrated by brine. For high density bentonite under low injection
pressure, the low hydraulic conductivity and higher swelling pressure developed in the
bentonite layer adjacent to the permeant source can resist further brine penetration. It is
necessary to understand how brine penetrates the bentonite to fully understand the
performance of bentonite seals emplaced in salt/brine environment.

23



10712

10713
I

O NaCl, (0.7-1.2 M)
-+ Distilled deionized water

10-14

10715
|
O

10716
|

Permeability (m2)
1017

1 0-20

1 0-22

0.0 0.5 1.0 1.5 20 25
' Dry density (g/cm?3)

Figure 3. Reported permeability as a function of dry density for permeant with distilled
deionized water and brine.

Sodium bentonite that is hydrated and permeated only with relatively fresh water
will be effective indefinitely. The interlayer sodium cation can be exchanged with cations
that have higher replacing power during hydration and permeation. Cation exchange greatly
reduces the amount of water that bentonite can hold in the interlayer, resulting in decreased
swell capacity. The loss of swell usually causes increasing porosity and increasing hydraulic
conductivity. Mitchell (1976, p. 130) notes that Li*, K*, Rb*, Cs*, Mg**, Ca**, Ba™, Cu®,
A", Fe** and Th** have higher replacing power to replace Na® in interlayers of bentonite.
Li*, K* and Ca** in brine tend to replace Na" in bentonite during hydration and permeation,
hence increasing its hydraulic conductivity.
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Figure 4. The thickness of interlayer as a function of NaCl concentration in solutions
(calculation based on Equation 7.28 in Mitchell, 1976, p. 125).

Size Effects

Permeability may also vary with sample size. The permeability of bentonite
measured in the laboratory may differ from that measured in the field. It is generally
recognized that permeability increases when samples become larger, because defects or
nonuniform density statistically have a better chance of being present in larger samples
(Olson and Daniel, 1981). For pure bentonite, such size influence may not be as significant
as for other materials, such as soil and mixtures of clay and sand/crushed rock, because of
relatively uniform particle size and material components.

Boynton and Daniel (1985) conducted hydraulic conductivity tests for clays with
sample-size diameters from 3.8 to 15 cm (1.5 to 6 in.). They concluded that the effect of
sample size on permeability depends on water content at time of compaction. For samples
compacted slightly dry of optimum, permeability is essentially independent of sample
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diameter. When samples are compacted drier or wetter than optimum, the permeability
increases with increasing sample diameter.

Olson and Daniel (1981) compared the hydraulic conductivity data of clays from 72
sites where field and laboratory hydraulic conductivities have both been measured. The
range in the ratio of field permeability to laboratory hydraulic conductivity is from 0.3 to
46,000. However, for nearly 90% of the cases the ratio is from 0.38 to 64.

Daniel (1984) compared hydraulic conductivity results of laboratory and field tests
from four projects where soil/bentonite liners were used. The ratio of permeability measured
in laboratories to the permeability measured in the field is from 5 to 100,000. Daniel (1984)
concluded that the actual hydraulic conductivities of the clay liners were generally 10 to
1,000 times higher than values obtained from laboratory tests. However, many of the factors
cited by Daniel (1984) as causes for the discrepancies between laboratory and field testing
should not apply for WIPP shaft sealing, or they should be avoidable: Discrepancies seem
largest for relatively thin layers (less than 0.6 m [24 in.] thick), desiccation has affected
most of the liners where large differences were measured, and construction inspection was
not as extensive as it might have been. Benson et al. (1994), in a very careful analysis of
size effects including consideration of multiple case studies, essentially conclude that
laboratory size permeability tests can be representative of in situ compacted clay, on
condition that in sifu compaction is conducted with extreme care.

5.1.2 Gas Permeability

According to Brenner (1988, p. 26) gas flow through saturated compacted bentonite
requires displacement of “free” water in the larger pores or, in extremely dense bentonite, a
displacement of clay particles. According to Pusch et al. (1985) as quoted by Brenner
(1988), a critical gas pressure exists above which a sudden rapid increase in gas flow is
observed. This critical gas pressure increases with density and is a material characteristic.

Pusch et al. (1985) conducted experiments in a swelling oedometer on samples of
MX-80 bentonite that were 50 mm in diameter and 20 mm thick. The saturated density
ranged from 1.70 to 2.14 g/cm3 (dry density was 1.4 to 1.79 g/cm3). The samples were
saturated with a Nagra water fairly rich in salts. The critical (breakthrough) gas pressure,
measured with both nitrogen and hydrogen, ranged from 1.6 to 21 MPa. The ratio of the
breakthrough gas pressure to swelling pressure ranged from 0.2 to 0.9, with most typical
values in the range of 0.5 to 0.7. The ratio was smaller when the gas pressure increased
more rapidly. A mechanistic model explaining the observed gas flow behavior, based on the
likely pore structure, is given by Pusch and Hokmark (1990). The macroscopic hydraulic
conductivity to gas appears to be of the same order of magnitude as that of water, i.e. about
10™ m/s for dry densities of about 1.7 to 1.8 g/cm3.

5.2 Porosity

Because the entire pore volume is not available for water flow, the effective porosity
(the ratio of the interconnected pore volume to the total volume of the medium) is used to
characterize the fluid flow in porous media or clay (Bear, 1972, p. 44; Gillott, 1987, p. 390).
The pore properties (size, size distribution, shape, and structures) of clay are affected by
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moisture content, pore water chemistry, and confining pressure. A portion of the water
adsorbed or retained on solid clay particles is unable to flow freely, and the space occupied
by such water is not available for water flow. The amount of water attached on the solid
particles depends on the surface area of the solids and the thickness of the diffuse double
layer. Chapuis (1990) introduced the term “efficient porosity” to describe the water flow in
clay. Efficient porosity is measured by determining the portion of bound water adsorbed on
the solid particles and subtracting that portion from the effective porosity. The portion of
space (slow-moving water on particles) not available for water flow ranges about 20 to 50%
of the total porosity. Chapuis (1990) reports the results of 45 laboratory tests on the porosity
of bentonite and of soil bentonite mixtures. The average efficient porosity is 53% of primary
porosity. Figure 5 shows the correlation between efficient porosity and total porosity.
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Figure 5. Correlation between total porosity () and efficient porosity (7*) of bentonite/
sand mixtures (data reported by Chapuis, 1990).
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The primary or total porosity 7 is given by the expression:

n=—— 1)
l+e
where e is the void ratio, which can be calculated from the specific gravity (G,) of bentonite,
the dry density (p,) of the bentonite seal, and the density of water (p,,), i.e.:

e=G,Bx . @)
Pa

The specific gravity of bentonite is about 2.4 to 2.8. For Volclay GPG-30, the
specific gravity is 2.5 (American Colloid Company, 1995). The efficient porosity should
vary with moisture content and salt concentration. Diamond (1970) measured the effective
porosity of montmorillonite as 35% less than the calculated or primary or total porosity.
Figure 6 shows dry density plotted as a function of porosity. '

The efficient porosity (#*), defined here as the porosity actually available to water
flow, is less than the total porosity because a thin water film adheres to smectite surfaces
and is essentially immobile. Chapuis (1990) found no direct correlation between hydraulic
conductivity and total or primary porosity, but a correlation exists with efficient porosity.

5.3 Volumetric Behavior: Swelling and Shrinkage

The volumetric behavior of clay sealants may affect waste isolation. Shrinkage could
enhance releases, especially of gaseous products. Swelling is likely to tighten the bond
between seal and host rock, but swelling must not be so large as to enhance the permeability
of the host rock, particularly any unfavorably oriented discontinuities in the host rock.

5.3.1 Swelling

Bentonite is widely considered a desirable repository sealing material because of its
swelling capacity. Swelling pressure of bentonite varies significantly, from 50 kPa to more
than 58 Mpa (Westsik et al., 1982; Pusch, 1982), depending on the chemical components of
the saturation fluid and its material composition. The methods used to measure swelling
pressure may also cause variations in measured swelling pressure. An extremely long time
is required to saturate the bentonite and to develop swelling pressure. During swelling
pressure measurement, if the bentonite is never fully saturated, the measured swelling
pressure at that condition may not be representative; it may be much lower than the actual
maximum possible.

As shown in Table 4 and Figure 7, the swelling pressure of bentonite saturated with
salt water at low density is 3 to 10 times lower than that saturated with fresh water. Pusch
(1980) concluded that the swelling pressure of bentonite saturated with brine is identical to
that of bentonite saturated with fresh water for densities close to or greater than 2.1 glem’.
This may be true when the bentonite has never been saturated. It is clear that this conclusion
is applicable for WIPP when the WIPP brine contains up to or more than 5 A NaCl.
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Figure 6. Dry density of bentonite as a function of porosity, where 1: G;=2.5, 2: G;=2.7
and 3: G=2.8. Effective porosity = 65% of primary porosity (Equations 1 and 2).

Westsik et al. (1982), as recounted by Allen and Wood (1988), measured swelling
pressures of 57 to 58 MPa for a pure bentonite at high density, which is in good agreement

with pressures reported by Pusch (1979).

According to Brenner (1988, p. 21) the influence of water ions on swelling pressure
is negligible: No significant difference was observed in terms of swelling behavior for two
bentonites when either demineralized water or water rich in sodium was used.
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Table 4. Reported Swelling Pressures of Bentonite and Bentonite Mixtures

Material Composition | Density Swelling Permeant Reference
(%) Pressure (MPa)

Bentonite/sand 10 2.1 0.15 Nilsson, 1985
Bentonite/sand 10 1.9 0.02 Nilsson, 1985
Bentonite/sand 20 2.0 0.13 Nilsson, 1985
Bentonite/sand 20 1.8 0.02 Nilsson, 1985
Na-bentonite 14 0.10 Low electrolyte fluid Pusch, 1994
Na-bentonite 1.8 0.80 Low electrolyte fluid Pusch, 1994
Na-bentonite 2.1 10.00 Low electrolyte fluid Pusch, 1994
Ca-bentonite 1.8 0.50 Low electrolyte fluid | Pusch, 1994
Ca-bentonite 2.1 10.00 Low electrolyte fluid Pusch, 1994
Na-bentonite 1.8 0.30 High electrolyte fluid | Pusch, 1994
Na-bentonite 2.1 10.00 High electrolyte fluid Pusch, 1994
Ca-bentonite 1.8 0.05 High electrolyte fluid | Pusch, 1994
Ca-bentonite 2.1 10.00 High electrolyte fluid | Pusch, 1994
French clay 1.4 0.9 Atabek et al., 1990
French clay 1.5 2.0 Atabek et al., 1990
French clay 1.6 4.5 Atabek et al., 1990
French clay 1.7 8.0 Atabek et al., 1990
Na-bentonite 0.907 0.092 Oscarson et al., 1990
Na-bentonite 1.02 0.080 Oscarson et al., 1990
Na-bentonite 0.86 0.155 Oscarson et al., 1990
Na-bentonite 0.869 0.259 Oscarson et al., 1990
Na-bentonite 0.955 0.310 Oscarson et al., 1990
Na-bentonite 1.085 0.455 Oscarson et al., 1990
Na-bentonite 1.119 0.451 Oscarson et al., 1990
Na-bentonite 1.164 0.514 Oscarson et al., 1990
Na-bentonite 1.083 0.576 Oscarson et al., 1990
Na-bentonite 1.194 0.591 Oscarson et al., 1990
Na-bentonite 0.975 0.128 Oscarson et al., 1990
Na-bentonite 1.020 0.300 Oscarson et al., 1990
Na-bentonite 0.964 0.679 Oscarson et al., 1990
Na-bentonite 0.993 0.774 Oscarson et al., 1990
Na-bentonite 0.991 0.812 Oscarson et al., 1990
Na-bentonite 1.033 0.860 Oscarson et al., 1990
Na-bentonite 1.022 0.964 Oscarson et al., 1990
Na-bentonite 1.115 0.867 Oscarson et al., 1990
Na-bentonite 1.236 0.941 Oscarson et al., 1990
Na-bentonite 1.164 1.173 Oscarson et al., 1990
Na-bentonite 1.241 1.524 Oscarson et al., 1990
Na-bentonite 1.281 1.884 Oscarson et al., 1990
Na-bentonite 1.273 2.062 Oscarson et al., 1990
Na-bentonite 1.293 2.201 Oscarson et al., 1990
Na-bentonite 1.335 2.591 Oscarson et al., 1990
Na-bentonite 1.146 0.806 Oscarson et al., 1990
Na-bentonite 1.173 1.722 Oscarson et al., 1990
Na-bentonite 1.214 1.794 Oscarson et al., 1990
Na-bentonite 1.234 2.012 Oscarson et al., 1990
Na-bentonite 1.223 2.028 Oscarson et al., 1990
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Table 4. Reported Swelling Pressures of Bentonite and Bentonite Mixtures

Material Compeosition | Density Swelling Permeant Reference
(%) Pressure (MPa)
Na-bentonite 1.281 2.488 Oscarson et al., 1990
Na-bentonite 1.333 3.338 Oscarson et al., 1990
Na-bentonite 1.403 3.393 Oscarson et al., 1990
Na-bentonite 1.309 3.899 QOscarson et al., 1990
Na-bentonite 1.335 4.028 Oscarson et al., 1990
Na-bentonite 1.353 3.963 QOscarson et al., 1990
Na-bentonite 1.40 0.677 Mingarro et al., 1991
Na-bentonite 1.57 2354 Mingarro et al., 1991
Na-bentonite 1.80 3.543 Mingarro et al., 1991
Na-bentonite 2.13 31.883 Mingarro et al., 1991
Bentonite/sand 75:25 1.42 0.128 Mingarro et al., 1991
Bentonite/sand 75:25 1.60 0.795 Mingarro et al., 1991
Bentonite/sand 75:25 1.81 3.541 Mingarro et al., 1991
Bentonite/sand 75:25 2.04 24.525 Mingarro et al., 1991
Bentonite/sand 50:50 1.38 0.284 Mingarro et al., 1991
Bentonite/sand 50:50 1.60 0.471 Mingarro et al., 1991
Bentonite/sand 50:50 1.80 2.747 Mingarro et al., 1991
Bentonite/sand 50:50 2.00 15.267 Mingarro et al., 1991
Bentonite/sand 25:75 1.41 0.049 Mingarro et al., 1991
Bentonite/sand 25:75 1.58 0.334 Mingarro et al., 1991
Bentonite/sand 25:75 1.81 0.589 Mingarro et al., 1991
Bentonite/sand 25:75 2.03 5.886 Mingarro et al., 1991
Na-bentonite 1917 1.399 0.3 M CaCl, Pusch, 1980
Na-bentonite 2.000 1.854 0.3 M CaCl, Pusch, 1980
Na-bentonite 1.989 3.259 0.3 M CaCl, Pusch, 1980
Na-bentonite 2.081 19.178 0.3 M CaCl, Pusch, 1980
Na-bentonite 2.151 46.833 0.3 M CaCl, Pusch, 1980
Na-bentonite 1.751 0.705 Distilled water Pusch, 1980
Na-bentonite 1.801 1.034 Distilled water Pusch, 1980
Na-bentonite 1.832 1.746 Distilled water Pusch, 1980
Na-bentonite 1.888 3.007 Distilled water Pusch, 1980
Na-bentonite 1.998 6.464 Distilled water Pusch, 1980
Na-bentonite 2.009 16.995 Distilled water Pusch, 1980
Na-bentonite 2.079 24421 Distilled water Pusch, 1980
Na-bentonite 2.189 73.927 Distilled water Pusch, 1980
Na-bentonite 1.818 0.863 Ground water Pusch, 1980
Na-bentonite 1.846 0.993 Ground water Pusch, 1980
Na-bentonite 1.819 1.055 Ground water Pusch, 1980
Na-bentonite 2.003 5.502 Ground water Pusch, 1980
Na-bentonite 2.036 15.999 Ground water Pusch, 1980
Na-bentonite 2.112 38.034 Ground water Pusch, 1980
Na-bentonite 2.189 65.513 Ground water Pusch, 1980
Na-bentonite 1.859 0.780 0.6 M NaCl Pusch, 1980
Na-bentonite 1913 1.055 0.6 M NaCl Pusch, 1980
Na-bentonite 2.003 3.194 0.6 M'NaCl Pusch, 1980
Na-bentonite 2.059 24917 0.6 M NaCl Pusch, 1980
Na-bentonite 2.151 55.764 0.6 M NaCl Pusch, 1980
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Figure 7. Reported swelling pressure as a function of dry density of bentonite and bentonite
mixtures.

Allison et al. (1990) conducted swelling pressure measurements on bentonites and
measured swelling pressures significantly lower than those reported by Pusch (1980), as
shown in Figure 8. Allison et al. (1990) attribute the differences to inconsistency in
measurement methods, and they describe the measurement methods used by Pusch (1980)
as unrealistic or as not representative of actual conditions. The merits of the argument are
not necessarily obvious. It is clear, however, that (1) swelling pressures may vary
significantly depending on the details of the method used to measure the swelling pressure
and (2) the most representative or realistic method (i.e., the method that most appropriately
simulates field conditions) is far from obvious.
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Figure 8. Comparison of swelling pressure for Na-bentonite from various researchers (after
Allison et al., 1990).

Dixon et al. (1991) investigated three different methods for measuring the swelling
pressure of highly compacted mixtures of sand and bentonite: triaxial consolidation, 1-D
oedometer consolidation, and tests in a rigid constant-volume cell. They concluded that for
tests on highly precompacted mixtures the results were largely independent of the test
method used. Note that the materials tested generated relatively low swelling pressures, in
the 1 to 3 MPa range.

5.3.2 Shrinkage

Compacted bentonite shrinks when it is dried to low water content. An increase in
confining pressure reduces the volume of the compacted bentonite, especially when
permeated by permeants containing numerous types of cations and electrolytes such as Na'.
Other factors (such as type of bentonite, temperature, fabric, and density) also change the
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volume of the compacted bentonite. The shrinkage of compacted bentonite caused by loss of
moisture content is directly related to clay mineral composition. The thickness of the diffuse
double layer varies with changes of the pore fluid chemistry. Haug et al. (1988) reported a
7% volume decrease for 20:80 sodium bentonite/sand mixtures when NaCl concentration
increased from 0 to 4 mol/L and when a 200 kPa surcharge was applied. Barbour and Yang
(1993) observed that, for clay initially remolded with distilled water, the clay always shrinks
when the pore fluid is replaced by brine.

5.4 Mechanical Properties

Compacted clay seals in shafts also act as structural components to support the shaft
walls, which prevents collapse and allows healing of the DRZ. To provide the necessary
resistance, the bentonite seals should have enough mechanical stiffness and strength to resist
shaft closure and prevent separation from the upper sealing columns, which may result from
over shrinkage and subsidence. Although the mechanical properties of bentonite are as
important to sealing as its fluid-conduction properties, few studies have focused on the
mechanical properties of compacted bentonite.

5.4.1 Strength

Radhakrishna and Chan (1982) studied the strength and deformation characteristics
of compacted Black Hills bentonite, Avonlea bentonite, and Pembina bentonite, as well as
the attributes of bentonite mixtures with crushed granite or sand. The results of their
investigations are given in Table 5.

Table 5. Mechanical Properties of Bentonite and Bentonite/Crushed Granite Mixtures

As Compacted After Saturation
Sample | Bentonite Dry Moisture | Compressive | Young’s Dry Moisture | Compressive| Young’s
Content | Density | Content Strength Modulus Density | Content Strength Modulus
(%) (g/em’) (%) (MPa) (MPa) (kg/m’) (%) (MPa) (MP2)
CGBB 50 1.765 15.3 0.822 50.0 1.685 19.7 0.374 7.1
CGBB 50 1.655 225 0.358 19.6 1.585 24.7 0.136 6.2
CGBB 50 2.138 9.7 1.339 58.3 2.076 11.5 0.560 12.0
CGBB 50 2.015 12.0 0.872 21.6 1.976 12.5 0.360 2.0
BB 100 1.670 223 2.524 68.0 1.338 373 1.200 259
AVB 100 1.557 19.6 4.578 313.0 1.554 251 1.780 43.6
PB 100 1.443 255 2.948 352.0 1.435 34.1 2.104 108.6
CGAVB 50 1.784 18.2 1.956 98.0 1.797 189 1.768 87.1
CGBB 50 1.795 16.8 3.384 154.0 1.770 212 1.360 68.7
CGBB 50 1.883 13.1 1.230 319 1.897 16.5 0.876 25.8
CGBB 25 1.935 14.0 0.522 63.6 1.885 15.1 0.580 53.6

After Radhakrishna and Chan (1982).

CGBB = Mixture of Black Hills bentonite and crushed granite; BB = Black Hills bentonite;
AVB = Avonlea bentonite; PB = Pembina bentonite;

CGAVB = Mixture of Avonlea bentonite and crushed granite.
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Di Maio and Fenelli (1994) investigated the residual strength of bentonite as a
function of pore fluid chemistry. The residual friction angle of bentonite increases
significantly when distilled water is replaced with a 1 A/ NaCl solution, and even more
when a saturated sodium chloride solution is used (from 6° to 9° to 18°). Barbour (1987)
quotes data from triaxial tests reported by Ho (1985) and Ho and Pufahl (1987) on Regina
clay (a clay containing 45% montmorillonite, 28% illite, 18% kaolinite and 9% trichloride).
After exposing the samples to a 4.0 M solution of NaCl brine, the friction angle increases
from 33° to 37°. Mitchell (1993, p. 364) cites friction values from Kenney (1967), which
show a significant increase for Na-montmorillonite when prepared with a NaCl brine as
compared to fresh water: the residual friction angle increased from 6° to about 17°.
Borgesson et al. (1995) conducted triaxial tests on MX-80 bentonite samples with wet
density of 2.0 g/cm3 and found that the friction angle is 12.9° and cohesion is 106 kPa when
pore water with 3.5% NaCl is used. When blocks with a dry density of 1.8 g/cm3 are used,
the finished seal in shafts should have a dry density slightly less than 1.8 g/cm3.

5.4.2 Stiffness

Bentonite and bentonite-based seals are likely to be characterized by highly
complex, strongly nonlinear mechanical behavior. Yin et al. (1990) used a three-modulus
hypoelastic constitutive model for compacted sand-bentonite mixtures.

Young’s Modulus

Figure 9 shows the relationship between Young’s modulus and minor principal
stress, o3. The Young’s modulus (E) of clay is given by Janbu (1963) in the formula:

E= Kpa(ﬁ) ©)

a

where K is a dimensionless modulus number that varies from about 300 to 2000 (Mitchell,
1993, p. 339); for saturated bentonite, the range probably is much narrower, about 100 to
300 or less. The variable » is an exponent usually in the range of 0.3 to 0.6 (Mitchell, 1993,
p. 339). Pa is a unit constant equal to atmospheric pressure, and 65 is minor principal stress.

Yin et al. (1990) concluded that the Young’s modulus of a 50:50 bentonite sand
mixture can be calculated as:

E=kp @
where £ is a constant: k = 80 for 50:50 bentonite sand mixture; p’is the effective mean
stress: p' = 1/3 (c,'+203)).

The Young’s modulus of bentonite should be lower than that of a bentonite/sand
mixture. Highly compacted and relatively dry bentonite (2.0 g/cm3 with 10% water content)
has a Young’s modulus up to 300 MPa, which decreases with the uptake of water (Meyer
and Howard, 1983).
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Figure 9. Young’s modulus of clay as a function of minor principal stress with K = 300,
P,=14.4 psi, and n = 0.3 in Equation 3 (after Janbu, 1963).

Bulk Modulus

Yin at al. (1990) concluded that the bulk modulus of a 50:50 bentonite/sand mixture
is 13.7 p'. Again, for pure bentonite, the bulk modulus is almost certainly lower.

Poisson’s Ratio

Meyer and Howard (1983) reported that for highly compacted and relatively dry
bentonite (2.0 g/cm’ with 10% water content), the Poisson’s ratio is about 0.15. For soft
clay, the Poisson’s ratio should be about 0.375, according to Dunn et al. (1980, p. 113).
Saturated bentonite is known to be extremely plastic; therefore Poisson’s ratio is expected to
be larger, i.e., at least 0.4 and probably 0.45 or larger.
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Mechanical Behavior

The preceding extremely brief description of bentonite stiffness in terms of single
isotropic elastic constants is at best extremely simplistic and at worst rather misleading.
More complete and complex mechanical behavior models have been developed for clays.
Barbour (1987) summarizes numerous references in a model that explicitly includes a solid
phase, a pore fluid phase, and a diffuse double layer phase. A constitutive model including
these phases clearly is far more realistic for describing relations between stress and strain,
including for example the effects of salt migration. It is unclear whether or not sufficient
information is available yet to implement such a model.

5.5 Sorption

Ion exchange, or sorptive retardation of radionuclides, is one of the main reasons
that clays, specifically bentonites, have been selected as backfill and sealing materials for
many repositories. An extensive literature exists on sorptive and retardation studies of
radionuclides in clays. Although many references for this topic are included in the
computerized data bases accompanying this document, no effort was made to review and
summarize those references. One example may suffice to show that sorption studies on clay,
specifically bentonite, have been conducted within the context of most repository programs.

Brodda and Merz (1983) describe experimental investigations of the sorption of
strontium and cesium on six clay types, including two bentonites. The authors observe that
sorption efficiency is greatly reduced when saline brines flow through the clays.

5.6 Index Properties

The liquid and plastic limits of bentonite depend greatly on the type of the adsorbed
cations (Mitchell, 1976). The range of reported index properties of bentonite are given in
Table 6. The plastic limit of bentonite is 50 to 100 (Mitchell, 1976, p. 173) or 83 to 250
(Grim and Giiven, 1978, p. 218). The liquid limit of bentonite ranges from 100 to 900
(Mitchell, 1976, p. 173) and from 160 to 500 (Grim and Giiven, 1978, p. 218).

Table 6. Reported Index Properties of Bentonite

Material | Liquid | Plastic | Free Fluid References
Limit | Limit |Swell*

Bentonite 500 40 25 DDW Kenney et al., 1992

Bentonite 105 35 54 0.7 MNaCl Kenney et al., 1992
Ca-bentonite 75.5 243 Yang and Barbour, 1992
Na-bentonite 250 Dixon et al., 1992a

Bentonite 355 55 Yong and Cabral, 1992

Bentonite 100-900 | 50-100 Mitchell, 1976, p. 173

Bentonite 160-500 | 83-250 Grim and Giiven, 1978, pp. 218-220

* = Void ratio; DDW = Distilled deionized water
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The liquid limit increases with increasing amounts of exchangeable sodium cations;
the liquid limit does not relate to size fraction of bentonite (Sridharan et al., 1986). For
sodium bentonite, the liquid limit is 250 and the plastic limit is 49 (Dixon et al., 1991).

Kenney et al. (1992) report that the liquid limit of bentonite reduces from 500 to 105
when a 0.7 mol/L solution of NaCl is used for saturation instead of distilled water. The
plastic limit of bentonite reduces also, from 40 to 35, when a 0.7 mol/L solution of NaCl is
introduced.

For clay liners affected by landfill leachate, Bowders et al. (1985) recommend that
the index properties of clay be determined for clay mixed with fresh water and for clay
mixed with leachate. If no significant differences in the index properties are measured, it is
then likely that the permeability will not be affected significantly. Bagchi (1994, p. 142)
indicates that this relation between index properties and permeability was recognized by
Terzaghi (1936).

5.7 Longevity

The argument that clays, particularly bentonites, have persisted in nature over long
geologic times has frequently been invoked as a primary criterion for their selection as
sealing materials. Detailed studies have been conducted within the framework of many
repository programs to evaluate the likely longevity of clays, specifically bentonites,
particularly for backfill studies. When used as a backfill component in a high-level waste
repository, clay will likely be exposed to much higher temperatures than when used as a seal
component; it may also be exposed to high radiation levels. WIPP is not a heated repository.
Nevertheless, data about alteration at elevated temperature may be relevant or applicable, to
the extent that such results can be considered representative as accelerated tests.

The longevity of bentonite seals is directly related to the stability of smectites under
installed and site conditions (Giiven, 1990). The conversion of montmorillonite to hydrous
mica is one of the changes that can influence the stability of bentonite seals. In a brine
environment, excess sodium may decrease the swelling ability and increase the permeability
of the bentonite seal. Several methodologies have been adopted to study the longevity of
bentonite seals, including montmorillonite conversion, microstructure changes, observation
of long-term permeability, and comparison of the swelling pressure and permeability of
processed and unprocessed bentonites.

The primary longevity requirement is stability: the performance of compacted clay
seals should not deteriorate excessively over time. Krumhansl (1986) conducted an
extensive scoping investigation of the long-term stability of bentonite in a saline
environment. Because the investigation was designed to improve understanding of the long-
term stability of bentonite when used as a backfill for high-level waste (HLW) packages, he
subjected bentonite to environments far more severe than those likely to be encountered by
WIPP shaft seals. Krumhansl (1986, p. 3) reported that

“..most experiments were done at the most extreme conditions likely to occur in a
commercial HLW repository. These experiments can also be considered as accelerated
tests (or “overtests™) for repositories isolating cooler forms of waste, such as the defense
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wastes.... These results make a strong case that bentonite is sufficiently stable to warrant
the additional research required to fully demonstrate bentonite backfill feasibility.

In a technical report on underground repository sealing, the International Atomic
Energy Agency (IAEA) summarized the results from a number of studies on the longevity
of clay seals. The IAEA (1990, p. 58) concluded that

...for highly compacted clays, within the range of values expected in a repository, even in
the near field, temperature and ionic concentration in the groundwater should not
significantly affect swelling potential or hydraulic conductivity.

Pusch and Karnland (1990) studied the conversion of montmorillonite to illite when
potassium is available. The conversion of smectite to illite takes place in the environment
either at high effective pressure and at temperature exceeding about 60°C or drying (Pusch,
1994, p. 352). Pusch and Giiven (1990) studied the microstructure of Na-bentonite with a
bulk density of 2.0 g/cm3 under temperatures from 150 to 200°C for six months. The
microstructure of the bentonite changed, with an enlargement of the pores. No mineralogical
and chemical changes were observed. Howard and Roy (1985) conducted laboratory studies
of sodium-saturated bentonite to investigate smectite alteration at 150 to 250°C for 30 to
180 days. They found that potassium transfers smectite into illite. The rate of transformation
depends on temperature, potassium content, and fluid composition. Although WIPP salt
only contains 0.151 to 0.232% potassium (Brodsky, 1994), the smectite to illite
transformation may occur.

Oscarson et al. (1990) compared the swelling pressures and hydraulic conductivity
of processed and unprocessed bentonites to identify the longevity of the bentonite seal. They
found that processed bentonite has higher swelling capacity and lower permeability for
bentonites with dry densities from 0.9 to 1.4 g/cm’. Unprocessed bentonite maintains a
significantly high swelling capacity and low permeability after millions of years of water
erosion, thermal alteration, loading, and unloading.

Ran (1993) studied the flow properties of pure bentonite grout before and after
healing from washing out some particles and channeling for over 200 days. After being
washed out twice and subjected to varied pressure gradients for over 200 days, the bentonite
can maintain low hydraulic conductivity.
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6. EMPLACEMENT/CONSTRUCTION

The major sealing characteristics of bentonites and clays (i.e., hydraulic conductivity
and swelling behavior), as well as most other properties, are a strong function of
emplacement density. Various emplacement options have been considered; among them are
in situ compaction of powdered bentonite, emplacement in the form of precompacted
blocks, and hydraulic or pneumatic emplacement.

In situ compaction with conventional compaction equipment is unlikely to produce
acceptable densities if extremely low hydraulic conductivities are deemed necessary or
desirable. Although one can conceptually visualize in situ static compaction equipment that
could provide the pressures necessary to compact to high densities, such equipment would
require design and construction.

A few emplacement investigations have been conducted for pure bentonite seals and
for shaft sealing. Most investigations for seal emplacement technologies have focused on
using sand or quartz bentonite mixtures to seal nuclear waste emplacement rooms.
However, shaft sealing design can benefit from those investigations. Two emplacement
methods have been investigated. One is the use of bentonite blocks, and another is in situ
compaction.

The Canadian nuclear waste program has conducted extensive testing, both in situ and
in large scale laboratory simulators, of the compaction of clay-based barrier materials with
dynamic hydraulically powered impact hammers (e.g., Kjartanson et al., 1992). The Swedish
program similarly has investigated field compaction of bentonite-based tunnel backfill by
means of plate vibrators (e.g., Nilsson, 1985). Both studies demonstrated the feasibility of in
situ compaction of bentonite-based materials to a high density. However, such manual backfill
compaction might be excessively slow for the compaction of several hundred ft of shaft seals.
Therefore the alternative of using sheepsfoot compactors is recommended, although it will
require some modification of the driving systems for the compaction equipment. Heavy
sheepsfoot rollers should allow the use of higher lifts than are possible with manual or semi-
manual compaction, providing the kneading compaction that will minimize the permeability
(Mitchell et al., 1965). They should also allow application of a large compaction energy in a
reasonable amount of time.

Sheepsfoot roller compaction is widely used for construction of impervious liners for
earth dams (Hilf, 1975) and for the construction of clay liners for waste disposal facilities
(Daniel, 1993). Geotechnical textbooks and most experts interviewed recommend the use of
sheepsfoot or tamping foot rollers for compacting cohesive (clay) soils to achieve low
permeability (Goldman et al., 1990). The fundamental explanation for the effectiveness of
sheepsfoot compaction in reducing permeability appears to be that kneading compaction and
the associated large shear strains induce a dispersed structure that greatly reduces permeability
(Mitchell et al., 1965). More detailed investigations of the soil structure resulting from
sheepsfoot compaction are referenced by Seed and Chan (1959), according to Mitchell et al.
(1965). Sufficient compaction passes will have to be made to assure that the required
compaction energy is applied.
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In Sweden, Nilsson (1985) conducted compaction tests of bentonite/sand mixtures in
the field. The tests were conducted in a tunnel with six nuclear waste emplacement rooms.
A dynamic roller (vibrator) was used to compact 10/90% or 20/80% bentonite/sand
mixtures. The compaction after 25 runs resulted in dry densities of 1.59 to 1.71 g/cm3 for
the 10/90% bentonite/sand mixture, and 1.5 to 1.6 g/cm’ for the 20/80% bentonite/sand
mixture. The moisture content of the bentonite/sand mixture at compaction ranged from 8%
to 16%.

In Germany, Bucher and Jedelhauser (1985) conducted laboratory compactions of
quartz-sand/bentonite mixtures. The mixtures have Na-bentonite (MX-80) content from
17% to 33% or Ca-bentonite (Montigel) from 26% to 31% by weight. The mixtures were
statically compacted in a compaction mold with 80 to 320 MPa compactive pressure. Their
final density was 1.5 g/cm3.

In Canada, Dixon et al. (1985) conducted laboratory compactions of bentonite and
bentonite/sand mixtures. Standard Proctor molds and modified molds were used for
compaction. The sand/bentonite mixtures had 25, 32.5, 40 and 75% bentonite contents.
When the modified compactive energy was applied, the achieved dry density varied with
bentonite content and moisture content. The compaction of the bentonite under the modified
compactive effort was about 1.3 g/cm’.

For bentonite/sand mixtures with more than 50% bentonite content, the modified
compactive energy is insufficient to overcome the high shearing resistance of the water
attached to the bentonite particles (Dixon et al., 1985). If the mixture has less than 50%
bentonite content, greater compaction can be achieved (Nilsson, 1985; Dixon et al., 1985).
However, Bucher and Jedelhauser (1985) note that the static pressure required to reach a
given dry density of the bentonite filling the pores between sand grains is 10 to 20 times
greater than that required to fill spaces between bentonite particles in a specimen of
bentonite alone.

Highly compacted bentonite blocks were placed at the WIPP site. Bentonite blocks
were produced in a block machine with 26.2 MPa (3800 psi) static pressure, and 1.8 g/cm3
density was achieved (Howard, 1989). Pusch (1994) and Pusch et al. (1982) propose to use
precompacted bentonite blocks to seal shafts. Bentonite blocks can be manufactured by
uniaxial or three-dimensional compression. A dry density of 1.8 g/cm3 with water content of
6% to 7% can be achieved by applying pressure up to 150 MPa (Pusch, 1994).

In situ compaction of clays is a widely used practice for many sealing applications,
particularly, hazardous waste sites, heap leach pads, and similar engineered waste-containment
structures. Emplacement, compaction, and verification methods are well established and
readily available. Modifications of standard procedures may be required for emplacement in
shafts, primarily because the equipment most likely to be recommended for clay compaction
(i.e., sheepsfoot rollers) may not be readily available in sizes and weights desirable in shafts.
Also, it seems quite likely that the required performance in WIPP shafts may be more
stringent than the requirements for most other applications.

A potentially serious problem for in situ compaction may arise from the selected
performance requirements. If the bentonite seals are designed for minimal hydraulic
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conductivity at emplacement, it is likely that the recommended moisture content will be wetter
than optimum (e.g., Mitchell et al., 1965). A highly plastic clay such as bentonite is likely to
be very sticky, as well as very soft, at such high moisture contents, which may result in
operational difficulties (Daniel, 1993).

The performance of bentonitic seals depends on many variables. Main factors to be
taken into account during design and construction include compaction procedures to be used,
moisture content, density, and type of fluid (i.e., water composition) mixed with bentonite.

Three important considerations with regard to compaction are (1) the type of
equipment to be used, (2) the amount of energy to be applied, and (3) procedures to be used to
assure that no preferential flowpaths develop between lifts. It is highly desirable to achieve the
lowest practically possible permeability; therefore a kneading type compaction will be
prescribed, most probably in the form of sheepsfoot roller type compaction, assuming the
equipment can be operated in a shaft.

It is probable that a large energy application will be prescribed, i.e., the application of
multiple compaction passes. Special indentation/kneading type preparation of interfaces
between lifts will be prescribed to assure the development of a tight interface between lifts.

The development of desiccation cracks in emplaced lifts must be prevented. Most
likely, large quantities of dry air will be blown into the bottom of the shafts during seal
emplacement. Thus consideration must be given to either assure that the airflow does not
cause excessive drying of emplaced bentonite (e.g., by artificially increasing the moisture
content of the air) or to provide surface protection on top of emplaced seal material.

In addition to technical concerns, it is necessary to implement close supervision and
inspection procedures. Several clay liner failures have been attributed to lack of inspection
(e.g., Daniel, 1984; 1993), presumably reflecting inadequate construction. Daniel (1990)
summarizes construction quality control procedures for compacted soil liners, many of which
would be applicable and appropriate for shaft seals.
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7. RESERVES, SUPPLIES, AND LONG-TERM AVAILABILITY

Because repository backfilling and sealing may not take place for several decades,
concern exists about the long term availability of bentonite. According to Miles (1995)
“High swelling sodium bentonite is rare... Lower grade sodium bentonite deposits stretch
north from Wyoming, through Montana and into the Canadian Provinces. In contrast, high
quality calcium bentonite occurs throughout the USA and the world.”

The availability question has been investigated within the context of the Canadian
nuclear waste disposal program. According to Dixon et al. (1992b) the proven reserves of
North American sodium bentonite exceed 1.9x10° Mg, and vast supplies are known to exist,
though they have not yet been proven. The Canadian reference repository would require, for
backfill and sealing, some 2.5x1 0° Mg of bentonite. The Canadian conceptual disposal vault
would require 6x1 o Mg of sodium bentonite each year for forty years. The North
American bentonite industry has an installed annual bentonite production capacity of 2x1 0’
Mg. The Canadian repository therefore would require approximately 2% of industry
capacity. The Canadian program has screened a number of commercial products for
potential suitability as backfill material and has identified ten currently marketed bentonite
products that meet the initial quality standards for the buffer/backfill material, as well as
two noncommercial bentonites.

According to Rath (1986) a conservative estimate of the remaining Wyoming
bentonite reserves is about 90 to 100 million tons. Hosterman and Patterson (1992)
concluded that the bentonite reserves in the United States are 800 million tons. There is
considerable uncertainty about these estimates, however, because most companies do not
willingly reveal reserve figures. Moreover, the figures change significantly with economic
conditions. “Geologically, there is considerably more bentonite available than is presently
commercially mineable.” (Rath, 1986). In recent years (i.e., 1989 through 1993) production
of Wyoming sodium bentonite has been on the order of 2.5 to 3 million short tons per year
(Arrington-Webb, 1994; Virta, 1994).

A conservative approximation of the bentonite required for WIPP shaft sealing can
be made assuming that the total cross-sectional areas of the compacted clay seals for four
shafts will be 100 m’ (DOE/WIPP, 1995, p. D-5), the maximum total length of the seals will
be 400 m, and the seals will be compacted to a maximum dry density of 2 g/lem’. It is
assumed that the bentonite from the manufacturer contains 10% water. Under these
assumptions, for four shafts about 88,000 metric tons (96,976 short tons) of bentonite would
be needed for the shaft seals. This quantity represents about 3% of the current annual US
sodium bentonite production.
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8. CONCLUSIONS

Bentonite has been widely studied as a primary sealing material for nuclear waste
repositories (IAEA, 1990; Pusch and Bergstrom, 1980; Pusch, 1994; Coulon et al., 1987;
Brenner, 1988; Bucher et al., 1986; Dixon et al., 1985; Butcher, 1994; Pfeifle, 1990). The
swelling, longevity, and flow properties of bentonites and bentonite mixtures with sand or
crushed rock have been extensively characterized with distilled deionzied water as the
permeate. A few studies (Pusch, 1980; Dixon et al., 1987; Kenney et al., 1992) have been
conducted using brines with low NaCl concentration (from 0.7 to 1.2 M) as pore fluid.

The germeability of compacted sodium bentonite (from 0.5 to 2.2 g/cm3) ranges
from 1x10™° to 1x10*" m®. The permeability of bentonite mixtures varies significantly with
density depending on the bentonite content. The permeability of compacted sodium
bentonite increases two to three orders of magnitude when saline solutions (0.7 to 1.2 A/
NaCl) are the permeate. NaCl concentration in permeation fluid has a slight influence on the
permeability of Ca-bentonite. If the confining pressure is high enough to compress the
increased pores, such influence may be reduced. The permeability of bentonite mixtures
with sand or crushed rock does not closely relate to the density of the seal (see Figure 2),
but more to the bentonite content (see Figure 1).

The gas permeability of compacted bentonite depends on the moisture content of the
bentonite and its density. Gas penetration through bentonite requires displacing free water in
pores; hence a breakthrough pressure is needed. The breakthrough pressure increases with
increasing moisture content and density. For saturated compacted bentonite, the
breakthrough pressure ranges from 1.6 to 21 MPa for dry densities from 1.4 to 1.79 g/cm’
(Pusch and Hokmark, 1990). For WIPP shaft sealing, bentonite seals should maintain
enough density and moisture content to limit gas migration to an acceptable level.

For compacted sodium bentonite, the swelling pressure ranges from 0.1 to 74 MPa
for dry densities from 0.86 to 2.19 g/cm3 (Pusch, 1980, 1994; Oscarson et al., 1990; and
Mingarro et al., 1991). The swelling pressure for compacted bentonite with a dry density
less than 1.0 g/cm3 is less than 1.0 MPa. Certain cations (i.e., NaCl, CaCl,, etc.) in the
permeate fluid can significantly reduce the swelling capacity of bentonite (Mitchell, 1976).
A bentonite seal in a NaCl-bearing environment may generate much less swelling pressure.

Bentonite has persisted in nature over geologic time scales. Geologic evidence,
laboratory data, and theoretical analysis show that highly compacted bentonite can maintain
physical, thermal, and chemical stability in environments other than Na” and Ca’-rich ones.
In the WIPP environment, two factors may potentially influence the stability of compacted
bentonite. The first is cation exchanges, which lead to conversion of the sodium bentonite
into other types of bentonites that have higher permeability. Illite may be an inevitable
product of reaction of smectite with K™ -rich pore fluid. Calcium bentonite may be formed
when the pore fluid is rich enough in Ca®*. A second factor is that bentonite may decrease
its volume when brine penetrates because NaCl in brine can reduce the thickness of the
double layer.

The mechanical properties of compacted bentonite are not well characterized when
the pore fluid contains a high NaCl concentration (i.e., similar to WIPP conditions of >5 M).
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The shear strength of compacted bentonite increases significantly when distilled water is
replaced by 1 M NaCl solution as pore fluid (Di Maio and Fenelli, 1994). The reported
compressive strength ranges from 2.5 to 4.6 MPa for compacted dry bentonite, and reduces
to 1.2 to 2.1 MPa after saturation (Radhakrishna and Chan, 1982). The Young’s modulus of
compacted bentonite decreases with water uptake, from 68 — 352 MPa to 26 — 109 MPa
(Radhakrishna and Chan, 1982; Meyer and Howard, 1983).

In situ compaction with conventional equipment is unlikely to produce the desirable
density for bentonite seal construction. Two technologies (dynamic compaction and
precompacted blocks) have been studied for bentonite seal construction for Swedish,
Canadian, German, and US nuclear waste programs. Dynamic compaction technology has
been evaluated both in the laboratory and in the field for mixtures of bentonite with sand or
crushed rock. In situ compaction using a dynamic impact hammer (Kjartanson et al., 1992)
or a plate vibrator (Nilsson, 1985) can densify mixtures of bentonite and sand or crushed
rock to a dry density of 1.75 to 2.0 g/cm3. Dixon et al. (1985) and Yong et al. (1986)
reported that a dry density of 1.3% can only be achieved by dynamic compaction for
bentonite when the modified Proctor effort is applied. Howard (1989), Pusch (1994), and
Pusch et al. (1982) report that bentonite blocks with a dry density higher than 1.8 g/cm3 can
be produced in a block machine under 26 to 150 MPa static compression pressure.

A conservative estimate of the remaining Wyoming bentonite reserves is about 90 to
100 million tons (Rath, 1986). The proven high quality sodium bentonite reserves are about
1900 million tons in North America (Dixon et al., 1992b). The North American bentonite
industry has an annual production capacity of 20 million tons (Dixon et al., 1992b). The
"WIPP shaft sealing system requires only about 88,000 metric tons of bentonite, which is
about 3% of the current annual US production.
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1.0 INTRODUCTION T
The purpose of the Underground Injection Control (UIC) Regulations are to prevent the possible contamination

of underground sources of drinking water (USDW). One possible avenue of contamination is through manmade

wellbores. Native or other injected fluids may migrate up these wellbores and contaminate a USDW.

R .

Several factors must be considered to determine the probability of upward fluid migration and thus the potential
for USDW contamination. These include but are not limited to the following:

M The subsurface lithology penetrated.

W Drilling method used.,

® Location and condition of casing,

®m Location of mechanical and/or cement plugs.
B Type of fluid left in the well.

The static mud column or drilling fluid left in the hole will provide substantial resistance to upward migration
or flow. Most mud systems develop a gel structure when allowed to remain quiescent. This gel strength provides
resistance to migration or flow and helps maintain the density of the fluid by suspending barite, clay, and other
drilled solids. The density of the mud column provides hydrostatic head or a pressure along the wellbore that
also provides resistance to upward fluid flow or migration. These properties are additive, therefore the sum of
these forces must be exceeded for flow and/or migration to occur. Additionally, other related factors, such as

wellbore closure from collapse or other natural events, must also be considered.

2.0 PURPOSE OF THE REPORT

Some doubt has been expressed by the regulators, concerned citizen groups, and the owner/operators related
to the conditions of abandoned wellbores and annular spaces and their ability to contain injected and native
fluids. This concern is a result of a deficiency in the literature specifically addressing the factors related to
wellbore closure and the effect on the prevention of fluid migration. This report provides data on the factors
effecting the static mud column, in the wellbore or behind the casing in the casing/wellbore annulus, to provide
significant resistance to upward fluid migration along these potential pathways. The area within the zone of
endangering influence from nearby injection wells is the area of greatest concern.

The zone of endangering influence is defined as that area, the radius of which is the lateral distance in which
pressures in the injection zone may cause the migration of the injection and/or formation fluid into an

underground source of drinking water (USDW). In some cases, this zone may also include the area of potential
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plume migration. There are numerous factors that must be considered when determining the potential for
USDW contamination, however, the purpose of this report is to only address those factors that are relevant to
the properties of drilling and other fluids remaining in abandoned wellbores and those left in the casing/wellbore

annulus of both abandoned and active wells.

3.0 SUMMARY
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The wellbore and annulus space are rarely empty and are filled with native water, brine, or drilling fluid. In the
case of native waters or brine the fluids may have seeped into the wellbore or been left there by the original
driller. If the well was originally drilled with a cable tool rig or rotary drilling rig using compressed air, the fluid
in the hole is probably native water or brine. However, the vast majority of artificial penetrations are made
exploring for oil, gas and other minerals. Virtually all the wells drilled along the Gulf Coast used drilling fluids.
In other areas it is logical to conclude that most wellbores are mud filled since rotary drilling techniques using
drilling fluid are predominately used when drilling oil and gas exploration and development wells and other
mineral extraction wells. Upon completion of the drilling operation, if the well is not completed for production,
the drillpipe is removed from the wellbore and the drilling mud used to drill the well will remain in the wellbore
indefinitely. If the well is completed or casing is run and partially cemented across a portion of the wellbore,
drilling mud would have been displaced ahead of the cement from the annular space between the casing and

open hole. If cement was not circulated to the surface, then the annular space above the cemented section will
be filled with drilling mud.

A fluid filled wellbore or annular space provides resistance to upwards fluid migration because of two opposing
forces. Barker (1981) was evidently the first investigation to propose the effects of these forces on fluid
migration. The first would be the hydrostatic head or downward force caused by the weight of the fluid column.
This can be described as psi/foot of depth by taking the weight of one cubic foot of water and dividing it into
144 square inches one-foot high. A cubic foot of water weighs approximately 62.3 pounds, dividing by 144 square
inches, we find that a column of water one-foot high exerts a downward pressure of 0.433 psi. Therefore a
column of water 1000 feet deep would provide a downward force of 433 psi. If fluid were migrating upward, it
would have to have a driving force in excess of 433 psi. This example used fresh water having a density of 8.33
Ibs/gal. Rogers, (1963) prepared a graph (Figure 1) showing the relationship of hydrostatic pressure with depth
for mud fluids of various densities ranging from 8.33 to 20 ppg.

Drilling fluid density is the only short-term property of a drilling mud which can prevent reservoir fluids from
entering the wellbore. Fluid density is also the only mud property that can prevent formation collapse due to
tectonic stresses or unconsolidation of the formation. In general, as indicated by Mitchell, Goodman, and Wood
(1987), and by Gray and Darley (1980, p. 355) drillers commonly use a mud weight that will overbalance the
highest formation fluid pressure encountered by a "safe margin" which will commonly range between 200 to 400

psi. The overbalanced mud weight is used to provide a conservative margin of error to prevent fluid flow into
the wellbore.

Along the Gulf Coast, increased mud weight is also used to prevent the unconsolidated formation from sloughing
into the well. As an example, a well recently drilled in the Upper Texas Coast under the supervision of

ot E.
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CHARTS AND TABLES—MUD WEIGHTS AND YVOLUMES
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Envirocorp required an 8.8 pound/gallon (Ib/gal) mud to balance the formation fluid pressure during a gravel
pack operation. However, the mud weight needed to be increased above 9.4 lb/gal to prevent the sides of the

open hole from sloughing into the wellbore,

The above example, and the data provided by Mitchell, Goodman, anleood (1987) demonstrates that the
original mud column will commonly overbalance the highest static reservoir pressure encountered by 100 psi or
more. The average overbalance pressure indicated by the data provided by the above authors is approximately
350 psi. One should remember that this overbalance pressure or "safe margin” will eventually press the mud
filtrate into the shale formations and increase the shale hydration force. This will increase the probability of
wellbore closures across shale sections.

Dissolved and suspended solids are the reason mud fluids have densities higher than their base {luid. For
example, the density of water can be increased from 8.33 ppg to 10.0 ppg by making a solution of common salt
(sodium chloride). Likewise, mixtures of bentonite clay and barite (barium sulfate) can attain weights in excess
of 20 ppg.

Mined barium sulfate, or simply barite, is the most common material used to increase the density of drilling
mud, AFT barite (See Table 1) is specified to have a specific gravity of no less than 4.20. The average specific
gravity for drilled solids is approximately 2.65.

TABLE 1
TYPICAL API BARITE PARTICLE SIZE DISTRIBUTION
VOLUME, % SIZE PARTICLE, MICRONS
10 222
20 4.51
25 © 658
30 . 8.71
35 10.98
40 13.38
45 16.79
30 19.82
55 22.84
60 28.97
65 31.19
70 35.65
75 40.64
80 46.03
85 5143

90 62.96
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Gray, Darley, and Rogers, (1980) divided the particles suspended in mud into three groups according to size:
{1) colloids, from about 0.005 to 1 micron (1 micron = 0.001 mm), which impart viscous and filtration properties;
(2) silt and barite (sometimes called "inert solids"), 1 to 50 microns, which provide density; and, (3) sand, 50 to
420 microns, which generally does not significantly benefit the properties of the mud. NL Baroid, (1979)
classified these same particles as follows: API sand, more than 74 microns, silt, 2-74 microns, barite 2-60

microns, and clays, less than 1 micron.

The relationship of particle size distribution to filiration rate is well knowu. Generally, muds with low filtration
rates have a higher concentration of small particles than those with high filtration rates. Gates and Bowie, (1942)
illustrated this relationship (Figure 2) by plotting the particle size distribution for both a low filter rate (0-20
ml/hr} mud and high filter rate (40-75 ml/hr) mud.

This relationship indicates that muds having low filtration rates would be more stable. The suspended solids
would have less tendency to settle and therefore the density or mud weight would generally remain constant
throughout the mud column in a wellbore or annular space.

The ability for the mud column to support its mixture of suspended solids is extremely important to maintain
the integrity of the columns hydrostatic head. Pearce, (1989) showed that less than 3% of the barite has any
potential to settle out of the mixture if minimal gel strengths (5.616/100 ftz) are present.

The second opposing force that would act as a deterrent to fluid migration along a wellbore would be present
only if the fluid {illing the wellbore had gel strength. Most drilling fluids contain this characteristic. Collins and
Kortum (1988) suggest gel strength contributes 40% of the hole-sealing pressure of the mud in the hole.

One of the primary functions of the drilling mud is the removal of drilled cuttings from the wellbore. The mud
carries the cuttings from beneath the bit, transports them up the wellbore/drillpipe annulus and releases them
at the surface. Since normal drilling operations.require that mud circtilation be stopped periodically to add
another joint of drillpipe, the mud must have a property which acts to suspend the drilled cuttings in the static
mud column. This property is known as gel strength. Gel strength is time dependent and increases as the mud
column remains quiescent. Most drilling fluids are thixotropic and develop a gel structure like "Jello” when
allowed to stand quiescent but become fluid when disturbed.

To determine the combined effect of both hydrostatic head and gel strength acting as a deterrent to fluid
migration along a mud filled wellbore or annulus, we must first identify the forces acting on a wellbore and/or
annulus existing in a static state. Figure 3 represents a vertical force diagram of a static mud column in an
abandoned well that contains no uncemented casing. Figure 4 represents the forces acting on the static mud

column in the annulus between the casing and open hole above the cemented interval,
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The equation for the force balance in Figure 3 takes the following form,

W+ GS.; 2 mr;h = PI wrzw- Py ﬂrzw (1
where
w = r‘?'wph
and
w = weight of mud column
GSy; = gel strength of mud column acting on circumference area of wellbore
Py = pressure at top of well
Pg = pressure at formation being contained
r, = radius of wellbore
h = height of mud column in wellbore
p = density of mud

Simplifying the force balance and adjusting for standard units, we obtain the following pressure equation,

Pp= Py+ 0.052h + 333 x 1073G8h/D @)
where
Pg = pressure at the contained formation in psi
Py = pressure at the top of well in psi
p = density of mud in Ib/gal
h = height of mud column in feet
GS = gel strength in 1b/100 ft2
D = diameter of wellbore in inches

The force balance equation for Figure 4 takes the form
w o+ GSC(Z wrch) + GSW Q :rrrwh) = 3
Per(r2,- 120) - Per (2, - 120)

where

w = ph (rzw- rzc)
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and
w = weight of mud column in annulus
GS = gel strength of mud acting on circumference area of both the wellbore (GS,, ) and casing wall
(GS.) and GSy; = GS.
Py = pressure at top of well
Pg = pressure at formatjon being contained
r, = radius of wellbore

-] = 0‘1
noo

outside radius casing
height of mud column in annulus

= density of mud

Simplifying the force balance and adjusting for standard units, we obtain the following pressure equation,

3.33 x 10-3650 4
Pg = Py + 0.052ph +
Dy - D¢
where:
Pg = pressure at the contained formation in psi
Py = pressure at top of well in psi
p = density of mud in Ib/gal

= height of mud column in feet
GS = gel strength of mud in 1b/100 ft2
D,, = diameter of wellbore in 16/100 ft2

D. = outside diameter of casing in inches

It is generally recommended that the values required to calculate the flow resistance of a mud filled wellbore or
annular space be obtained from the well records. ‘The physical configuration of the well can usually be cbtained
from many sources. These include but are not limited to state librariés, geological surveys and other public
information sources. The density of the drilling fluid used to drill the well is normally recorded on the
geophysical log heading. The gel strength values may be more difficult to obtain. Mud properties are generally
run while conditioning the mud to run casing and cement. These values are normally determined by the drilling
fluid supplier or service company and are reported on standardized forms. These data are normally available
from the owner/operator’s well files or the service company. Also, it is frequently not necessary to find the well
records of each well since wells drilled adjacent to each other frequently use the same or similar mud systems.
Historical records are also a good source of obtaining conservative values for gel strengths of specific types of
drilling {luid systems.
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Since the gel strength of different types of mud systems varies, it is difficult to determine the exact gel strength
of the mud in a particular wellbore. Collins and Kortum (1988) suggest that the configuration of the wellbore
can increase the apparent gel strength six times the observed values. A review of the gel strength characteristics
of various types of muds was made to evaluate the factors that effect the gel strength structure. No consideration
was given to the hole configuration. The aim of this review was to provide sufficient information to determine

the minimum gel strength structure that could be anticipated for any combination of formation, wellbore, and
mud type.

Thixotropy is the property, exhibited by certain gels, of liquefying when stirred or shaken and then returning to
their gelled state when allowed to stand quiescent. This property in drilling fluids is the result of various clay
minerals being used as additives in drilling fluids. Generally, clay particles fall into the colloidal particle range.
Colloidal systems used in drilling fluids include solids dispersed in liquids and liquid droplets dispersed in other
liquids. These highly active colloidal particles comprise a small percentage of the total solids in drilling muds

but act to form the dispersed gel forming phase of the mud that provides the desired viscosity, thixotropy, and
wall cake properties.

Thixotropy is essentially a surface phenomenon which is characterized by gel strength measurements. The gel
strength indicates the attractive forces between particles under static conditions. The strength of the gel
structure which forms under static conditions is a function of the amount and type of clays in suspension, time,
temperature, pressure, Ph, and the chemical treating agents used in the mud. Those factors which promote, the
edge-to-edge and face-to-edge association of the clay particles defined as flocculation increase the gelling

tendency of the mud and those factors which prevent the association decrease the gelling tendency.

Due to their size, colloidal particles remain indefinitely in suspension. When suspended in pure water the clay
particles will not flocculate. When flocculation occurs the particles form clumps or flocs. These loosely
associated flocs contain large volumes of water. If the clay concentration in the mud is sufficiently high,
flocculation will cause formation of a continuous gel structure instead of individual flocs.

Gel strength is measured by a multispeed direct indicating viscometer by slowly turning the driving shaft by hand
and observing the maximum deflections before the gel structure breaks. The gel strength is normally measured
after quiescent periods of 10 seconds (initial gel strength) and 10 minutes. The measurements are taken at
surface conditions of standard temperature and pressure. To determine the gel strength of the static mud column
in an abandoned well it is necessary to determine the gel strength of the mud under the influence of borehole
conditions. The initial and 10 minute gel strengths bear no direct relation to the ultimate gel strength of the mud
at borehole conditions. To determine the ultimate gel strength of a mud it is necessary 1o discuss the factors
which act 10 influence the initial gel strength at borehole conditions.
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Once the drilling operation is completed and the well is abandoned the mud is subjected to conditions vastly
different from those encountered at the surface. In the range of formation depths utilized for disposal of
industrial wastes the temperature would be expected to range from 80 to 300°F, the pressure from 1500 to 5000
psi and time from days to several years. Several studies have been conducted to determine the impact of
conditions, The information obtained from this research should provide a means of determining a reasonable

minimum gel strength value for the abandoned wells which exist in the range of formations described above,

It is observed that common used water-base muds develop high gel strengths after prolonged periods of
quiescence. The relationship between gel strength and time varies widely from mud to mud, depending on the
composition, degree of flocculation, temperature, pH, solids, and pressure. Figure 5 (Gray, Darley, and Rogers,
1980) indicates the increase in gel strength with time for various mud types and reveals that there is no well
established means of predicting long-term gel strengths with time. It is noted in all cases that the gel strength
is observed to increase.

Annis (1976) noted that when a bentonite mud is quiescent, the gelling process depends on both temperature
and time. Annis compared the effect of temperature on the initial and 30 minute gel strength of an 18 ppb
bentonite suspension. Figure 6 indicates that the 30 minute gel strength of the 18 ppb suspension is at any
temperature approximately six times the initial gel strength. The dependence of gel strength on time at different
temperatures, as noted by Annis, is shown in Figure 7. Based on these and other tests of up to 18 hours Annis
concluded that there is a strong indication that gel strength increases indefinitely with time.

The above works indicate that the ultimate gel strength of water-base muds is considerably higher than the values
recorded for the initial and 10 minute gel strength. Although there is no direct relationship between gel strength
and time, it is possible, based on available information, to conclude that the ultimate gel strength of a mud will
be several times larger than the initial or 10 minute gel strength of the mud. In reference to the work by
Garrison (1939), it is possible to consider the ultimate gel strength of a treated mud to be equivalent to that of
a similar mud that was not treated, since the effect of the thinner is to decrease the rate of gelling and not the
ultimate gel strength obtained.

In addition to time, temperature can have a major effect on the gel strength of water-based drilling fluids. Stini-
Vasan (1957) studied the effects of temperature on the gel strength of several water-based drilling muds. In most
of the cases investigated by Stini-Vasan it was noted that the gel strength leveled off after 160°F. The emuision
and lime treated muds showed no change in gel strength with increase of temperature. It was found that each
mud had its own characteristic curve and no quantitative interpretation was possible. The work of Weintritt and
Hughes (1965) on Table 2, indicates that emulsion Mud G experienced no change in gel strength in going from
75 to 180°F over a wide range of times. It is noted that although the gel strength did not vary with temperature,

it went from an initial gel strength of 0 to a gel strength of 25 after 16 hours. These values are displayed
graphically on Figure 8.
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COMPARISON OF MUD PROPERTIES WITH PROGRESSIVE GEL-STRENGTH TESTS
GYP-FERROCHROME LIGNOSULFONATE EMULSION MUDS

SAMPLE
Mud § Mud F Mud G
No Treatment 3 1b/bbl
Weight, unstirred, 1lb/gal 110 10.7 10.6
Weight, stirred, 1b/gal 11.0 10.3 10.7
Plastic Viscosity, cp 14 23 16 15
Yield Point, 1b/100 sq ft 3 6 2 1
10-sec gel, 1b/100 sq ft 1 2 1 0
10-min gel, 1b/100 sq ft 8 8 7 3
API filtrate, 6.2 3.3 5.2 2.9
pH 10.9 10.6 10.5 10.4
Composition:
Water % by wvol 76 63 75
0il, % by vol 5 11 9
Solids, % by vol 19 16 16
Solids, % by vol 39 36 37
Solids, SG 2.7 2.9 3.0
Filtrate Ion Analysis:
Chlorides, ppm 3500 400 3000
Sulfates, epm 250 3100 130
Carbonate, epm 24 28 12
Bicarbonate, epm 12 160 12
Calcium, epm 44 52 44
Progressive Gel Strengths
1b/100 sq ft
Temperature (*F)
Time 75° 180* 75° 180" 75° 180* 75° 180°
0 minutes 1 1 2 2 1 1 0 0
3 minutes 2 3 2 5 3 8 1 1
10 minutes 8 18 8 12 7 26 3 3
30 minutes 15 40 11 18 17 58 5 5
60 minutes 27 % 18 16 29 91 & 6
2 hours 31 135 22 22 29 104 7 7
4 hours 37 190 29 42 46 172 10 10
8 hours 46 190 33 42
16 hours 80 320 40 57 95 320 25 25

(From Weintritt and Hughes, 1965)
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FIGURE 8
EFFECT OF TIME ON

GEL STRENGTH OF THREE
FIELD MUDS AT 75°

(FROM WEINTRITT AND HUGHES, 1965)
SEE TABLE 2
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TIME: IN HOURS
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Annis (1976) was capable of investigating the gel strength up to temperatures of 350°F. Stini-Vasan (1957)
observed that the gel strengths leveled off after 160°F but Annis noted that at higher temperatures a rapid
increase in the gel strength was noted. Thus increased temperature, like increased bentonite concentration
promotes flocculation. The temperature at which a rapid increase in gel strength occurs, represents the onset
of flocculation. Therefore it is possible to expect the gel strength to increase significantly at some elevated
temperature. However, Hiller (1963) noted that some clay suspensions display a decrease in gel strength with
increased pressure, especially at high temperatures. He noted that the gel strength was reduced to 1/4 of its
original value for a pressure increase form 300 to 8000 psi at a temperature of 302°F.

Although no direct means exists to determine the ultimate gel strength of a drilling mud at borehole conditions,
it is possible to safely say that the gel strength developed in the borehole is considerably greater than that

indicated by the initial and 10 minute gel strengths recorded for a given mud. These conclusions are
substantially supported with subsequent lab tests run on the Fann 70 Consistometer under actual well conditions.
Futher confirmation was obtained from the evaluation of a mud system taken from an abandoned well after 29

years. These data are presented in section 6.0.

FPearce (1989) made an estimation of the minimum gel strength required to suspend solid weighting material
indefinitely in the drilling fluid. He said the gel strength required to prevent a spherical solid of radius r from
settling can be estimated using the following equation:

(pp - pg) g (4nry/3) = G (mr?) (5)
or
G =4(prp-re)e/3
where:
P, = density of barite (4.2 g/cm>)
Pg = density of water (1.0 g/cm3)
r = radius of barite particle (cm)
G = Gel Strength (dynes/cmz)

If the maximum radius of barite is assumed to be 0.00635 cm (0.0025 inches) or larger, the largest 3% of the
solids allowed in standard AP barite (Gray, Darley, and Rogers, 1980, p. 533), the gel strength is calculated to
be 26.6 dynes/ cm? or 5.6 1bs/100 ft2. This calculation shows that only minimal gel strength is required to keep
over 97% of the barite weighting material suspended. Since barite density is 4.2 g/ cm , bentonite density is 2.6
g/ cm3, and the density of sandstone is 2.65 g/ cm3, it is clear that the gel strength in the field muds will reach
a value in excess of the gel strength required to maintain mud density in less than an hour. Only the larger
drilled solids and the largest 3% of the barite have any potential for settling during this time period.
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As indicated by the above calculation, a gel strength of 5.6 1bs/100 £12 is adequate to suspend the largest 3%
of the barite particles in the mud. It should be noted that the development of sufficient gel strength to prevent
barite from settling does not mean that drilled solids do not settle from the mud. An examination of the settled
solids, as discussed later in this report, shows that the settled solids, are composed mainly of drilled solids that
are significantly larger than the barite used for weight material. During the first twenty to thirty minutes of
quiescence, these particles are usually large enough to settle to the bottom. In fact, the largest barite particles
will also settle. However, the loss of these materials will not alter the mud weight significantly, since the large
drill solids are removed at the surface, and are not included in the measured mud density. Furthermore, the
largest barite particles with any potential to settle constitute less than 3% of the total barite in the mud.
Therefore, the loss of these larger barite particles will not alter the mud density by more than 0.3%.

As an example consider a 10 Ib/gal, mud system with the following formulation:

Component Specific Concentration Volume
Gravity (Ibs/bbl) Percent
Bentonite 26 18 1.84
Barite 42 77 5.26
H,0 10 325 929

A loss of 3% barite would lead to the following mud system:

Component Specific Concentration Volume
Gravity (lbs/bbl} Percent
Bentonite 26 18.1 1.84
Barite 42 74.1 5.08
H,0 10 326 63.1

The weight of this second systems is 9.97 Ib/gal, which reflects a total reduction in mud weight of 0.3% or 4 psi
per 1000 feet of mud column. This number is a conservative value since less than 3% of the barite is expected
to settle, the radius of the largest particles has been over estimated, and the minimum gel strength required to
prevent solids from settling will be reached in less than thirty minutes.

5.0 REQUIRED DRILLING MUD WEIGHTS

Hutchison and Anderson, (1974) developed the fan chart shown in Figure 9 to illustrate the range of densities
that are available for use. The maximum mud weights that may be required in oil well drilling are determined
by the pressure gradients (psi/ft of depth) of the formation fluids. The pressure on the pore fluids at any given
depth very seldom exceeds the pressure exerted by the weight of the earth above the depth in question, i.e., the
overburden pressure. Eaton, (1969) illustrated this phenomenon by plotting the overburden stress gradient
against depth for Gulf Coast formations. This plot showed the gradient at 5000 feet is approximately 0.91



6 3HNOL

gy (v261 ' NOSHIONVY ONY NOSIHOLINH WOou4d)
= *J9)EM JO JeY) Sewl} 2,2

<o) Jre 40 1ey; wouy Ausuap uy Buibues pasedasd aq ued spiny bulnuQ b

ALISNIO QN

mw
-1r
3|3

sain1d DNIT1HA 340 IONVH ALISNIA DNIMOHS LHVHO NVd



DRAFT
13265

psi/ft. This gradient would be equivalent to a mud weight of 17.5 Ib/gal It would therefore be expecgdlhat
the highest pore {luid pressure that could be generated by the weight of the overburden at 5000 feet would be
contained by 17.5 Ib/gal mud. However, it is well known that the fracture gradient for formations above 10,000
feet along the Gulf Coast rarely exceed 0.80 psi/ft and that the normal pressure gradient is approximately 0.467
psi/ft. The equivalent mud density for the normal gradient would be 8.99 Ib/gal. Therefore, the mud weight
on wells drilled to less than 10,000 feet along the Gulf Coast rarely exceed 12.0 1b/gal.

There is some variation in the densities required for certain drilling areas. Pressures in excess or overburden
are sometimes encountered. In these cases, the pore fluids are being partially contained by the strength of the

rock. The highest pore pressure found in the United States thus far was reported by Parker, (1973) as 1.06
psi/ft.

6.0 RELEVANT LABORATORY DATA

Laboratory testing technique and equipment have been developed that can simulate reservoir and/or well
conditions. The equipment used for these tests can accelerate the natural effects of time, temperature, and
pressure. The most common of these testing techniques use the Ultrasonic Cement Analyzer (UCA) autoclave
developed by Halliburton and the Fann 70 Consistometer. Cheveron’s Drilling Fluid Services Laboratory has
performed laboratory tests on muds using this equipment. The work was done to simulate the condition of

mud left in the wellbere and/or annular space between the wellbore and casing, above the cement column.

A mud was formulated using mud additives similar to those used in actual wells located in Mississippi. This mud
was subjected to filtration losses for four hours in a cell at 175° F and 500 psi pressure to simulate bottom-hole
conditions. The mud slurry was then transferred to an UCA autoclave and aged for two weeks under bottom-
-hole temperatures and pressures. The results of this test indicated the mud developed significant compressive
strength during the testing period and could only be described as a mud plug. Due to the nature of this plug
it would require substantial pressure to move the plug and/or energy to restore the plug to a moveable fluid.
The gel strength was too high to measure with available equipment, however, the test clearly demonstrated the
mud developed some structural integrity during a relatively short test period.

Subseguently, the aforementioned tests were repeated using an NL Baroid Fann 70 Viscometer (The same type
of equipment as the consistometer mentioned above.). This "state-of-the-art” instrument is capable of measuring
the viscosity and gel structure of muds under downhole conditions. During these tests, a lime-treated fresh water

mud, similar to the mud used in the Mississippi wells was formulated. The mud composition and gel strengths
are shown on Table 3.
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TABLE 4

PROPERTIES OF RECOVERED MUD FROM NORA SCHULZE NO. 2 0113285

MUD SHEAR GEL
SAMPLE DEPTH WEIGHT STRENGTH STRENGTH
NO. (££) (1b/gal) (1bs/100 f£e?) (1bs/100_fc?)
1 .- .- I -
2 60 12.0 340 304
3 111 10.9 230 296
4 174 11.0 310 295
5 207 11.2 130 »320
6 240 10.9 170 284
7 273 10.7 180 237
8 306 10.9 285 254
9 339 10.5 190 288
10 372 10.9 245 272
11 405 11.1 280 220
12 438 11.1 255 222
13 471 11.1 301 292
14 504 11.1 300 230
15 337 11.0 490 292
16 570 11.0 225 217
17 603 10.9 240 236
18 636 11.3 650 >320
19 609 11.4 750 ---
20 702 11.5 2100 ---
21 719 10.9 4700 ---
22 725 10.7 890 -
23 731 11.3 7000 ---
Average mud weight using all samples - - 11.1

Shear strength averaged for samples 3 through 17 - 260 lbs/100 fe?

Average gel strength of samples 3 through 17 - 267 1bs/100 ft2
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Using the Fann 70 Viscometer, gel strengths of the mud were obtained under downhole conditions. The gel
strengths were measured at intervals of 10 minutes, 30 minutes, 1, 2, 4, 8, 16, and 24 hours. During this period
of time, the gel strength increased from 33 to 49 1bs/100 ft2. A second test was performed using a mud with
similar composition. The mud was first subjected to downhole conditions, such as filtration loss and temperature
destabilization. Next, the gel properties of the mud were measured using the Fann 70 Viscometer at intervals

up to 96 hours. In this test, the gel strengths increased to over 300 Ibs/100 £t2. Figure 10 is a graphic
illustration of both these tests.

TABLE 3
RESULTS OF FANN 70 VISCOMETER TESTS
ON LABORATORY PREPARED LIME-QUEBRACHO MUD

MUD COMPOSITION

Water .95 bbls
Aquagel 20 ppb
Rev Dust 60 ppb
Quebracho 3ppb
Lime 2.0 ppb
Barite 36.8 ppb

Gel Strength at 175° F and 3,000 psig

Time Pounds/100 Ft2
10 minutes 33
30 minutes 33

1 hour 35
2 hours 43
4 hours 53
8 hours 45
16 hours 49
24 hours 50
48 hours 309
96 hours 310

Gray, Neznayko, and Gilkerson (1952) reported the thickening mechanism in lime-treated muds was the result
of caustic and lime reacting with the clay minerals and silica to form hydrated alumino-silicates and silicates.
These products resemble to some extent those involved in the setting of cement.

The first stage in the stiffening of limed muds is the development of a gel structure which is not significantly
destroyed by mixing. Increased temperature causes a more ridged characteristic and as the cementing material

concentration increases, all the liquid is retained in the solid mass. The quantity and composition of the



DRAFY 15065

suspended solids affect the rate of solidification and thus the strength of the gel structure. Although the
concentration of organic thinner affects gel structure development, its effect becomes negligible because the

organic thinner conceniration appears to decrease as the mud sets.

E.L. Cook, in his response to the Gray, Neznayko, and Gilkerson report, suggests the reduction in the organic
dispersants effectiveness was related to the loss of alkalinity. A certain degree of alkalinity is necessary to render
organic dispersants soluble and effective in a mud. Therefore, the loss of alkalinity through precipitation, would

cause a build-up in gel strength that is additive to the gelled structure occurring as a result of the reactions of
clay and silica.

Increases in gel structure development have also been experienced in other types of mud containing both organic

and inorganic thinners. The mechanism is very similar and usually related to hydrolysis or precipitation of the
thinner or dispersant material.

7.0 CASE HISTORY ON LONG-TERM PROPERTIES OF WATER-BASE MUD

Pearce, (1989) tested samples of a mud taken from the Nora Schulze No. 2, an abandoned well located near
Corpus Christi, Texas. This well was an exploratory oil and gas well that was abandoned in November, 1959.

The samples from the reentered well were obtained by forcing 2-7/8 inch tubing into the well with a special
coring device attached to the driving edge of the tubing. From a depth of 120 feet to approximately 740 feet,
the tubing had to be pushed into the wellbore, because the tubing weight alone did not apply sufficient force 1o
move the tubing through the mud. At a depth of approximately 740 feet, the tubing could no longer be pushed
into the wellbore. The tubing was pulled from the well at that point, and the mud in each joint was allowed to
flow into a 5 gallon plastic pail which was quickly sealed. The bottom three pup joints, each 6 feet in length,
were sealed for shipment back to the laboratory because the mud in these joints did not flow easily from the
tubing, From +740 feet to +1100 feet, the mud could not be cored ﬁsing the above techniques, and it was
therefore necessary to drill and circulate the remaining drilling fiuid out of the hole to check the cement plug
placed at the bottom of the surface casing,

The data obtained from these samples are presented in Table 4. It shows the average density of the mud 11.1
Ib/gal over the entire 740 foot section studied. The average gel strength was 267 16/100 £t and shear strength
ranged from a low of 170 1b/100 ft2 at 240 feet to a high of 7000 1b/100 ft2 at 731 feet.
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8.0 KNOWN FORMATION FACTORS AFFECTING MUD

0115265

RESISTANCE TO VERTICAL MIGRATION

An abandoned welibore and/or uncemented annular space is subjected to numerous forces that tend to close
these potential pathways to fluid migration. Along the Gulf of Mexico coastline and in areas of similar
sedimentary geology the shale or clay bearing formations tend to hydrate and swell across the wellbore opening
or annular space. A similar closure can also result when the hydrostatic weight of the mud column is less than
the formation overburden pressure and other factors. Gnirk, (1972) made calculations that wellbore pressures
in excess of 5000 psi are required to inhibit wellbore closure.

Water wetting of shale can and usually does result in borehole blockage. The instability usually results primarily
from overburden pressure, pore pressure, or tectonic stress, This is true regardiess of whether the clay in the
shale is largely expandable or non-expandable, or whether the shale in place is brittle or plastic. Moreover, shale
dispersion, hole closure or sioughing from shale swelling are all attributable to adsorption of water by shale.
Davis, (1986) gave examples of normally pressured stratum drilled at depths of 5000 and 10,000 feet along the
Gulf Coast using mud weights of 9.5 pound per gallon {ppg). Under these relatively common conditions the
pressure differential would be 125 and 250 psi respectively. These numbers represent the pressure that filtrate
from the mud is being pressed into the formation by the overbalance of hydrostatic pressure over formation pore

pressure. The matrix or shale hydration force created under those conditions will be 2530 and 5060 psi
respectively.

9.0 CONCLUSIONS

In review the data presented within this report indicates the following expectations for the long-term properties
of mud left in wellbore and in the casing/wellbore annulus.

1. The density of clay, water-based drilling flvids should not be altered by more than 0.3% over an

extended period of time, since adequate gel strength will be developed to minimize solids settling.

2. The mud density will overbalance original formation pressure by at least 100 psi or more along the
length of the wellbore.

3. Gel strength will reach a minimum of 25 Ibs/100 £t2 and will most likely exceed 100 1bs/100 ft2 over
an extended period of time.

4, For cased holes, the top of the mud column in abandoned wells will be close to the surface, since the
mud will remain inside the casing and hole after it is abandoned.
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5. The mud left in casingless wells drilled through an unsaturated zone, may be subject to dehydration
and cracking along this interval if the formations are permeable. Dehydration of the mud below this
level is highly improbable, if not impossible, due to the water absorption properties of the clay.

6. Moisture tends to restore dehydrated mud and will cause the clays to swell and close off any potential

cracks in the dry cake. Therefore, fluid migration pathways will close when contacted by any migrating
fluid.

7. Inregions such as the Gulf Coast, the stresses in the exposed formations should load the mud column
and increase the hydrostatic head with time. The expected increase in hydrostatic head is caused by

the effects of time, temperature, and pressure decreasing the moisture content and/or increasing the
gel strength.

8. The solids in the mud cannot be forced into the formation by means other than fracturing of the
weakest exposed formation.

9. Loss of water to the formation due to wellbore closure will increase both mud density and gel strength.

If total compaction of the fluid in the wellbore occurs, the permeability of the compacted column
could approach 10~ 2darcies.

10. An aqueous clay-based mud provides excellent sealing characteristics and is not susceptible to the
development of a micro annulus. It has good gel shear strength and is less likely to separate with time

and leave water suspended above the mud column.

In all cases, for the mud systems reviewed, the long-term mud properties are expected to be more resistant to
vertical migration of the fluid than the original mud. Since the original mud density typically overbalances

formation pore pressure, it is realistic to expect that mud filled wellbores will not provide a conduit for fluid flow
into a USDW.

265
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FOR HAZARDOUS WASTE DISPOSAL WELLS

KEN E. DAVIS

KEN E. DAVIS ASSOCIATES, INC.
3121 SAN JACINTO, SUITE 102
HOUSTON, TEXAS 77004

Abstract

The area of review, for a hazardous waste disposal well, is defined
as the radial distance from the receiving well in which the pressure,
caused by inject::n, increases sufficiently to poseibly cause migratiom of
fluids into usea-' = sources of drinking water (USDW). Among the potential
conduits for fluid migration from the disposal formation are improperly
plugged well bores, channeling behind the casing of the injection w
faulted formations, solution channels, naturally fractured formation
facies pinch-outs. Usually faults, solution channels and most other
naturally occurring geological conduits are filled with native fluids and
are frequently sealed from USDWs by secondary mineralization. This paper

concerns itself with oanly those conduits that are man-made.

Man-made conduits such as old abandoned test hcles or oil and gas
wells are sealed with cement plugs and drilling mud. The static mud
- column provides substantial resistamce to upward flow. Most mud systems
develop a gel structure when allowed to remain quiescent. To initiate
flow up an improperly abandoned well bore, the pressure in the disposal
zone must exceed the sum of the static mud columm pressure and the mud gel
strength pressure. If the sum of these values is not exceeded during the
life of a hazardous waste disposal well, there 18 no potential for
contamination of USDWs. This paper presents a simplified procedure which
can be used to calculate that effected area.

Introduction

The area of review, for a deep injection well, is determined by the
zone of endangering influence for the life expectancy of that well. The
zone of endangering influence is defined as that area the radius of whict
is the lateral distance in which pressures in the injection zone may cause
the migration of the injection and/or formation fluid into an underg
source of drinking water (USDW).

148



review are the radial extent of ground
water movement from the well bore, the rate of pressure build-up in the
reservoir, through time, at various distances from the well bore and the
potential for upward migration of fluids through man-made coaduits.

Factors affecting this area of

The prediction of the probable rate of pressure increase and radial
fluid movement in the disposal reservoir, resulting from the injection of
fluids is a problem often confronted by injection well operators and
regulatory agencies. Fluid injected 1into a formation which is already
liquid filled will result in an increase in pressure in that formation.
This injected fluid wust be accommodated by either one or a combination of
the following; expansion of the pore space in the matrix rock, compression
of either or both the formation and injected fluids or expulsion of the

formation water.

The resulting increase in pressure in the receiving formation due to
the injection of fluids pose potential environmental threats to our USDWs
if any man-made conduits exist within the area of review. Among the
potential conduits for fluid migration from the disposal formation are
improperly plugged well bores, channeling behind the casing of the
injection well, faulted formations, solution channels, naturally fractured

formations or facies pinch-outs.

Factors Effecting th= Area of Review

Area of Review

The radius of the area of review for an injection well is determined
either by calculating the zone of endangering influence or by using a
fixed radius from the well bore which ever is less. The distance of the
fixed radius varies from state to state. In states where the
Environmental Protection Agency (EPA) has primacy, the fixed radius is '1/4
mile, while in primacy states or states that set their own regulatory
standards so long as they meet or exceed EPA standards, the fixed radius

varies from 1/4 mile to 2-1/2 miles.

Computation of the zone of endangering influence should be calculated
for an injection period equal to the expected life of the well. There are
several equations that can be used for determining the area of review.
The most notable and widely used is shown below (Barker, 1971; Ferris, et
al, 1962; Kruseman and DeRidder, 1970; Lohman, 1972).

42T
2 3
- v + 4 = e e o)
2 x 2! 3 x 3

where

- r2s
4Tt
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and

hydraulic head change at radius r and time t

injection rate

transmissivity

storage coefficient

time since injection began

radial distance from well bore to point of interest.

T 40 o
LI D O B B ]

For large values of time, small values of radius of investigation, or

both, Equation 1 can be reduced to:

sh = 2:30Q ;. 2.25T¢ | .
4nT  ris
Unfortunately, this equation does not address all the possible well

configurations, multiple well systems, reservoir conditions, skin effects
and other variables and combinations thereof. Warner, et al (1979) posed
the use of several equations based on specific conditions of the system
being evaluated. They indicated that an adequate approximation of the
pressure build-up caused by injection into infinite confined reservoirs
can be determined if we assume
1. Flow is horizontal.
2. Gravity effects are negligible.
3. The reservoi: is homogeneous and isotropic.
4. The injecte: and reservoir fluids have a snall and constant
compressibility.
5. The receiving reservoir is infinite in areal extent and 1is
completely confined above and below by impermeable beds.
6. Prior to injection the piezometric surface in the vicinity of the
well is horizontal, or nearly so.
7. The volume of fluid in the well is small enough so that the
effect of the wellbore can be neglected.
8. The injected fluid is taken into storage instantaneously. That
is, pressure effects are transmitted instantaneocusly through the

aquifer.

" The basic differential equation for the unsteady radial flow of a
slightly compressible fluid from an injection or other type well is
(Mat thews and Russell, 1967)

) .
ar2 rTor k ot

where:
Symbo1l Parameter or Variable Practical Units
¢ compressibility pai‘l
Q porosity decimal fraction
h ~ reservoir thickness feer (ft)
Kk pgnnea?ility millidarcies (m)
u viscosity centipoise (cp)
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psi

P pressure
q flow rate stock tank barrels/day (ST®/1
r radial distance feet (ft)

t time days (D)

ld-up equations used by Warner, et al (1979) wve:

The pressure buil !
(Pp) and dimensionless time (tp.

written using dimensionless pressure
These dimensionless quantities are groups of variables that commonly occi
in build-up equations and can be conveniently replaced by a single temm

Dimensionless time, for the units listed above is:

03
tt’_6.33x10 kt (4)
¢pCt2
In unsteady state or transient flow equations, dimensionles

is a function of dimensionless time and, perhaps, othe

pressure (Pp)
It is define

quantities, depending on the particular buildup solution.
for each equation in which it is used, throughout the Warner report.

The Warner equations presented all contain the variable §, tt
formation volume factor, which is the ratio of the volume of the flui
being injected at reservoir pressure compared with the volume
standard conditions (520°R, 14.7 pei). For liquids, f can, f¢
practical purposas, be considered to be 1.0, as in all examples in thi
report. Howev:-, fis quite variable when the injected fluid 1is ga:
When a highlv compressible fluid is being injected, f§ should
evaluated at an average reservoir pressure. In cases where the pr ur
is not known, enter a value of 8 = 1.0, obtain the approximate pre
then evaluate § (Amyx, et al, 1960‘) and recalculate the pressure.

Multiple Well Effects

As indicated in Figure 2, if we assume a constant injection rate f«
a un.gle vell penetrating the entire receiving aquifer, and adjust f«
practical units, the differential equation, Equation 3, has a solution «
the form

2
P, = P; + 70.6 348 [£i (39;‘:’;2!‘—’-—] (s)
kh kt
and for the case where 1/t4 < 0.0l. This is approximated as
P, = P; + 162.6 ws log(._‘ff.__) (6)
kh 70.4 gucr '
vhere
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Symbol Parameter of Variable Practical Units
8 formation volume factor  Std Stk Tank BEL (RB/STB)
Py reservoir pressure psi
at radius T
P initial reservoir psi
pressure

A convenient characteristic of these equations (Warner, 1579) is Fhat
the effects of individual wells can be superimposed to obtain the combined
effect of multiple wells. As indicated in Figure 3, cye pressure at any
given point in & reservoir can be evaluated by summing ;he pressures
caused by each of the individual injection wells. Assuming the same
criteria as in Equations 4 and 5 asbove, except for multiple wells, we

have

2
P =P + 70.6 [ T Goknfn g (E&S__fnf_nivis_y (7
n=] knhp kntn

where n is the well number.

For cases where 1/t4q < 0.01, an adequate approximation is

P, = Pj + 1526 [ % Sp#nfy log kptg ‘ 2)] (8)
n=1 kohg 70.4 $pkncntn

If we assume a variable injection rate for the same criteria as
previously applied, the applicable equationm is

P, =Py +70.6 [3 <GaT9g-)B gy ((39.38ucTT; (9)
- ‘-1 kh k(t-t.—l)

For cases where 1/t4 < 0.0l

P_ = P; +162.6 [ 3 da~9a-1)uf 10;(“_(.‘_‘:.‘.::1_)_ ] (10)
a=] kh 70.4 gucr?

where & is the time interval under consideration and q, is the rate
during that time interval.

) These equations are based on the principle of superposition. That
is, the pressure effects begin with the initial injection period t; anc
rate q). When a nev rate q is implemented, it is as if a new well
be;xgn to operate at that rate, with the effects superimposed on the
original well, while the original well continues to operate at rate qj.
This performance is shown diagrammatically in Figure 4.
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In computing the pressure buildup caused by multiple injection wells

operating at variable rates, the principle of superposition is applied
twice, once for computation of the pressure effects of each well and
second time in summing the effects of the individual wells. Figure
depicts two wells whose effects must be summed and Figure 3 shows
possible pattern of variable rate injection that might exist.

[AR N1}

The applicable equation is:
=0 70.6(q__-q ) 39.5¢ s c 2
PrsPi-b[E p>) ba ‘b(a-1) Ei( bbb b )] (1D
b=l a=1 iy ky(tpth(a-1)’
Where b 1s the well number, ab is the time interval under

consideration for well b, and qpa 1s the rate for well b during time
interval a. For cases where 1/t4 < 0.01, an adequate approximation is:

n -
ko (t Cha-1)’y 1 (12)

m
P_ =P + [z 162°6(qba‘qb(a—l)) log
t b=l a=l ky by (

2
70.4. b“bcbrb

In summary, these two equations state and perform the calculation for
each well, as done for the single-well variable-rate case and then sum the

effects of the wells.

Skin Effects

Warner, et. al. (1979) also addressed the effects of skin damage.
Injection wells may suffer permeability loss in the viciaity of the
wellbore during construction or operation or they may experience
permeability gain. Permeability loss can result from drilling mud
invasion, clay-mineral reactions, chemical reactions between injected and
aquifer water, bacterial growth, etc. Permeability gain can result from
chemical treatment such as acidization or from hydraulic fracturing and
other mechanical stimulation methods. These permeability changes, which
occur in the immediate vicinity of the wellbore are called "skin effects"
by the petroleum industry and are described by a "gkin factor" (van
Everdingen, 1953; Hurst, 1953). The skin factor (s) is positive for
permeability loss and negative for permeability gain.

The skin factor can vary from about ~5 for a hydraulically fractured
well to + @ for a well that is completely plugged (Earlougher, 1977).
The incremental pressure difference caused by the skin effect 1is described
by:

aPg = s q (13)
2xkh

Equation 13 is applied by combining it with equations that are
derived for pressure buildup without skin effects. For example, Equation
5 is rewritten below to include skin effects:
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yucr?
o =By + 70.6948 [Ei(39'5____‘“‘?' ) + 23] (14)
kh kt

When 1/t4q < 0.0l, an adequate approximation of Equation 14 1s:

P, = P; + 70.6 aug [ln( ke )4- 23] (15)
kh 70 .4¢pcr?

are only valid at the wellbore. No equations ari
presented here for calculation of pressure buildup near the wellbore, 11
the zone of damage or improvement, because this zone is relatively thit
and because the calculations are of relatively limited applicaton
OQutside of the skin zone, the standard equations can be applied with n
correction (Earlougher, 1977). The thickness of the skin is determined Db

(Hawkins, 1956):

Equations 14 and 15

rg = rye’ ke/k-ke (16)

Seldom if ever, will kg be known. Reasonable estimates of k
can, however, be made to allov calculation of the range of possible ski:
thicknesses. Consideration of the sources of permeability reductio
around a wellbore indicates that, in the case of wellbore damage, T
would seldom be zreater than a few feet. The radius of permeabilit
improvement can -2 greater, in the tens of feet for sn ordinary hydrauli
fracturing progrim, but probably less than 100 feet as the maximum rg
except in cases of massive hydraulic fracturing.

It should be noted that these equations can only be used for pre. ..
buildup at the well. As discussed above, & is assumed to be zero and th
ordinary buildup equations should be applied for points outside of th
skin zonme, which is estimated by Equation 16 or assumed to be less tha
100 feet, if Equation 16 can not be used. ‘

It is generally assumed, in estimating the pressure effects o
injection wells, that the wells will be drilled completely through th
Jz.njecti.on reservoir. This will usually be true, since it maxiwmizes th
injection efficiency of the well. However, for mechanical or geologica
reasons, drilling is sometimes stopped before complete penetration of th
reservoir has been achieved. Such wvells are described as partiall
penetta?ing. In other cases, a well may be drilled campletely through
reservoir, but only a part of the reservoir is completed for injectior
Fx‘gurf S depicts partially penetrating and partially completed wells. Tt
equation for pressure buildup as a result of injection into (pumping frou
such a vell (Hantush, 1964; Witherspoon, et al, 1967) is: :

141.2
P, = P; + pDPP(—-—qu (17
pucr? ’
wvhere:
1 . 1
Pppp = - [Ei ( f(r, b, 1, 4, 2)]
2 4t
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in greater pressure buildup (decline) :

d be experienced in a fully penetr--ir
The magnitude of diff.

the ratio of the radi..

Partial penetration results
and near the wellbore than woul
well for the same injection (pumping) rate.
depends on the degree of penetration, 1;
investigation to aquifer thickness, r/h; the length of the complete
l-d; and the vertical point of investigation, z. The expande
form of Equation 17 is too complex for practical use by hand and tt
number of variables so large that is 1is impractical to provide tables fo
evaluation of Pppp. Computer programs have been developed to solv
Equation 17 by Warner, et al (1979).

interval,

Warner, et al (1979) also addressed the effects of fracture
infinite semiconfined reservoirs, bounded reservoirs
reservoirs with variable permeability, reservoirs with radially varvin
permeability and fluids of variable viscosity. Although all thes
possibilities may effect pressure buildup within a reservoir an
therefore, the area of review, their specific values are rarely known
Normally these values can only be determined through well testin
utilizing pressure buildup and fall off or step rate injection testing
Reasonable estimates can normally be made with the aforementione
equations and adjusted for these parameters after operating the system fo

a reasonable period of time.

reservoirs,

Criteria for Z.:ninating Potential USDW Contamination through Geologica
Barriers

Geohydrological -actors

Several geohydrological factors must be considered when studying th
area of review for deep well injection. The subsurface environment 1is
complex physical and chemical system. Before the injection of fluids int
this system can be permitted, it must be evaluated for its ability t
contain the wastes. Upward migration of wastes can occur through eithe
natural geologic or man-made pathways. Natural geologic conduits such &
faults, solution channels or fractures are usually filled with nati:
fluids and are frequently sealed from USDWs by secondary mineralizatior
Man-made conduits such as old abandomed test holes or oil and gas well
are sealed with cement plugs and drilling muds. However, the chemic:
effects of the injected waste on the formation rock and conduits, if anj
must also be evaluated. When evaluating these phenomena, we must remembe
that chemical reactions in the subsurface are normally very slow ar
equilibrium is reached very quickly. Since fluid movement 1in ti
subsurface 1is very slow, diffusion is the primary wmixing factor ai
provides additional support to waste containment near the well bore.
we consider all the rocks that are commonly penetrated when a well
drilled, the rock most susceptible to blocking both artificial and natur:
conduits is shale. Both sandstones and carbonate rocks can beco
unstable, and fill a well bore or annular space when subjected to tecton
stresses or when the hydrostatic mud pressure is lower than the pressu
on the fluids within the rocks, particularly when the permeability is lo
The instability of shale, on the other hand, is compounded ' t
extraordinary manner that this rock is affected when exposed to wate
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Reaction of Shales and Clays

cks thati contain clay. Shale rtocks are

Shales are essentially ro
Water is squeezed out as sediments

formed by the compaction of sediments.
are buried deeper by layers deposited progressively during geologic time.

The degree of compaction of the sediments is proportional to the depth of
burial, provided the water 1is able to escape easily to permeable strata.
The younger sediments soften and disperse when mixed with water. The
older shales usually have undergone diagenesis, may remain hard and are
less easlly dispersed into water. The term shale is applied to everything
from clays to lithified materials such as slate. Soft clays are extremely
reactive with water while slates are relatively inert. Because the

various shales behave differently upon exposure to drilling fluids when
penetrated by the bit, it is useful to classify shales so that instabilicty
may be approached in a somewhat systematic manner. Such a classification

is shown in Table I.

The amount of clay, the type of clay, the depth of burial, and the
amount of water in a given shale all relate to the stability of the shale.
The amount of clay in a given shale depends on the composition of the
shale sediments at the time of deposition. The type of clay in a given
shale depends not only on sediment composition at the time of depositionm,
but also on changes that may occur in the clay after burial.

From the view -»>int of effect on hole stability, clays may be
classified broadly :- expandable and non-expandable. Expandable clays
exhibit a high degr-= of swelling when wetted with water. Expandable
clays as a group ar: called smectites. Montmorillonite (bentonite) is a
high-swelling member of the smectite group. The non-expandable clay most
commonly found in shales 1is illite. Chlorite and kaolinite are
non-expandable clays often found in shales as well. Non-expandable clays
swell much less than expandable clayes on being wetted with water. The
degree of swelling of both clay types varies greatly with the type and
amount of salt dissolved in the water with which the clay is wetted (R.E.

Grim, 1968).

The type of clay in younger sediments depends in large part on the
temperature at depth of burial. A change in clay mineralogy with depth is
illustrated in Figure 6 (W.H. Fertl and D.J. Timko, 1970). The increasing
percentage of illite with depth 1is attributable to alteration of smectite
to illite. The alteration phenomenon is called "diagenesis". Some water
of crystallization is released from the expandable clay during diagenesis.
Illite differs from montmorillonite structurally in that some of the
silicons in the outer silicate layers (R.E Grim, 1968) of 1illite are
always replaced by aluminums, and the resultant charge deficiency 1is
balanced by potassium ions (R.E. Grim, 1968). Temperature, rather than
pressure, is thought to be the critical variable in the reaction through
which this change is brought about.

The amount of water in a given shale depends on the depth of burial
and the type of clay in the shale. Loosely bound water is squeezed out of
the shale by pressure exerted by the weight of the overburden of the earth
at depth of burial. A good approximation of the magnitide of overburden
pressure is | psi/ft of depth. A laboratory experiement that illustrates
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this phenomenon 1s presented graphically in Figure 7 (H.C.H. Darley,
1969). Both bentonites in this illustration are expandable clays, and the
Ventura shale contains mostly non—expandable clays. Most of the free
water that can be easily squeezed out of the expandable clays 1is freed
with a effective pressure of 2500 to 2000 psi. A matrix (grain to grain)
stress of this magnitude would be expected in the crust of the earth at a
depth of about 4500 to 5500 feet. Additional water is released as the
swelling clays are subjected to even greater effective pressures.

Causes of Shale Instability

Shale instability may result from the following forces, either singly

or in combination:
1. Overburden pressure
2. Pore pressure
3. Tectonic forces
4, Water adsorption
a. Dispersion
b. Swelling

Various forms of hole instability arise when the stress relief of
overburden pressure occasioned by drilling exceeds the yield strength of
the formation. A well-known example of this phenomenon is the plastic
flow that occurs in z20opressured shales. The water content and the
plasticity of the sh: - are abnormally high relative to the overburden
load, and the shale i: sxtruded into the hole in plastic flow.

When the pressure of the drilling fluid is less than the pressure of
the fluids within the pores of the rock being drilled, the pressure
differential toward the hole tends to induce fragments of rock to fall
into the hole. Such caving is more likely to occur when the rock is
relatively impermeable. The strength of the rock is a factor in this

process as well,

Tectonic forces result from stresses imposed on a given stratum by
deformation of the crust of the earth. Such deformation 1is commonly
described as folding and faulting, and is a normal result of the formation
of mountains. Stresses thus created are relieved quickly in shale that is
readily deformable, but tend to remain in rocks that are brittle. Even a
small amount of water adsorption can cause sufficient stress to induce
shales to flake off in fragments and slough into the hole.

Shale Classifications

Reference to a shale classification like the one given in Table I is
helpful for a description of the effect of water absorption on shale
stability. Because the number of combinations of physical and chemical
properties of rocks called "shale" is so large, a classification of some
kind is necessary for a logical and organized approach to predict the
probability pf occurrence. For purposes of illustration, a description
follows of how shales of Class A through E behave upon wetting with fresh
water. Obviously the behavior of the different classes of shale would be
different in various salt solutions.
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Class-A shale is characterized primarily by high-water content an
relatively high expandable clay content. The word montmorillonite as use
in Table I denotes expandable clays as identified by the methylene
test. The word smectite 1is now a more widely accepted group
Montmorillonite is a member of the smectite group. Shale of this qua..t
is often found at shallow depth where the overburden load is still ¢to
small to have squeezed more water from the sediments during compaction
and the temperature too low to have induced diagenesis. The same shal

may also be found at greater depth when permeable avenues for the escap
of connate water did not exist, and where conditions were not right fo

montmorillonite to have been altered to illite (see Figure 6). When stil
more water is added to Class A shale, it would be expected that th
compaction process would be to a degree reversed. In the higher wate
content range, this shale could also be squeezed into the hole from the
pressure created by the weight of the overburden. The lower the mw
weight, the more likely it would be for this phenomenon to occur.

Class~B shale would respond to adsorption of fresh water mainly b
becoming more plastic or less firm. Water would penetrate slowly from th
borehole into the shale body. Capillary adsorption of water into beddin
planes would occur nominally if at all, because of the smectite clays i:
the shale. Abnormal pore pressure in shale of this description i:
possible. Aside from possible pressure effects, Class-B shale woul«

usually remain rather stable after being penetrated.

Class—C sb:.> would be more likely to slough into the hole thai
either Class A :r B. This type of shale would be found 1in sediment:
similar to those that constituted Class-B shale, but at greater d h
Some softening would occur upon adsorption of fresh water. Very 1
there would be sections where the shale would still be hard after wate:
adsorption and some swelling, so that some fragments would disengage fror
the matrix and fall into the hole. The mechanisa of fragmentation coulc
be the result of either capillary adsorption along bedding planes, o
simply penetration of water into the shale body away from the hole.

Class D shale may be found at both shallow and great depths, but i:
likely to be quite old geologically. Brittle shale subdivides into smal.
particles when immersed in water, but swells and softens very little if a:
all. It is believed that cleavage takes place along old fracture plane
that are held together by attractive forces that act over short distance
only. Hydration when contacted by an aqueous drilling fluid cause
separation at the old fracture planes.

Class E shales are likely to be found quite deep, and are usuall
abnormally pressured. Occurrence of this type of shale 1is sometime
thought to be anomalous, even though it is found quite often in sediment
of tertiary age. This shale would have a strong tendency to slough upo
adsorption of fresh water. In interbedded smectite-illite intervals
illite ledges may be borken off by the unequal degree of swelling of th
two different shales.
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Shale Hydratiom

and usdally does result in borehole

blockage. The instability usually results primarily from overburden
pressure, pore pressure, OT tectonic stress. This is true regardless or
whether the clay in the shale 1s largely expandable or non-expandable, or
whether the shale in place {s brittle or plastic. Moreover, shale
disperson, hole closure or sloughing from shale swelling are all
artributable to adsorption of water by shale.

Wwater wetting of shale can

The forces that cause shale to absorb water are attributable to the
clay in the shale. It should also be emphasized at the outset that these
forces through which clay adsorbs, imbibes, draws or sucks water into
itself can be very great. By comparison the force with which mud filtrate
may be pressed iato the formation by the differential between the
hydrostatic pressure of the mud column and the pore pressure of the
formation is very small. For example, if a normally pressured stratum at
5000 or 10,000 feet on the Gulf Coast is drilled with 9.5 ppg nud, the
pressure differential would be about 125 and 250 psi respectively. This
figure represents the pressure with which filtrate from the mud is being
pressed into the formatio by the overbalance of hydrostatic pressure over
pore pressure. The text following will illustrate that the water

adsorption forces of shale are much greater.

Hydration of shal= depends upon & number of factors such as the
hydration energy of tn= interlayer cations on the clays present and the
charge density on the su-face of the clay crystals. A reasonable estimate
of the shale hydration force can be made by considering the compaction
forces involved in subsurface burial of a given shale stratum during
geologic time. For well drilling purposes, the hydration force 1is
calculated conveniently in this way. The effective compaction stress on a
shale section at any given depth can be represented by the equation,
s = § - P, where s is the intergranular or matrix stress (W.R. Mathews and
J. Kelly, 1967), S is the overburden pressure (approximately 1 psi/ft),
and P is the pressure on the fluid in the pores of the rock.

As a given layer of shale is buried deeper, progressively more water
is squeezed out of the shale by the weight of the overburden. The force
with which water is being expelled from the shale in the compaction
process equals the intergranular or matrix stress. The adsorption (or
suction) force of the clay acts in opposition to the water expulsion force
of compaction. This compacting force is relieved on the borehole face
when the shale is penetrated by the bit. Consequently, a hydration force
equal to the degree of relief develops. Since the compaction force equals
the matrix stress, then:

SHALE HYDRATION FORCEpgy = OVERBURDENpgi - PORE PRESSUREpgi

For example, assuming again a normally pressured shale (9 1b/gal mud
weight equivalent) at 10,000 ft on the Gulf Coast:
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OVERBURDEN,g; = 1 psi/ft = 10,000 psi

MATRIX STRESSpgi = OVERBURDENp4; - PORE PRESSURE g §

= 10,000 psi - (9 x 0.052 x 10,000) psi

= 5320 psi
The shale hydration force at 10,000 feet in normal pore pressure is

therefore 5320 psi.

Drilling Fluids

n the area of review or zome of endangering
onduits to USDNs if improperly plugeec
d when constructed or & combinatior

thereof. Artificial penetrations are usually man-made holes used for the
exploration of oil and gas or other minerals and water. These holes are
rarely empty and are fluid filled with native water, brine or drilling
fluid. In the case of native waters or brine the fluids may have seepec
into the well bore or been left there by the original driller. If the
well was originally drilled with a cable tool rig or rotary drilling rij
using compressed air, the fluid in the hole is probably native water O
brine. However, the vast majority of artificial penetrations are mad
exploring for oil and gas. Therefore, it is logical to conclude that mos!
well bores are mud filled since rotary drilling techniques using drilling
fluid are predcm:nately used when drilling oil and gas exploration an«
ion of the drilling operation, if the --el!

development wells. Upon completi
is not completed for productiom, the drill pipe is removed from the

bore and the drilling mud used to drill the well will remain in the ..
bore indefinitely. If the . well -is completed or casing is run an«
partially cemented across a portion of the well bore, drilling mud woul¢
have been displaced ahead of the cement from the annular space between th:
casing and open hole. If cement was not circulated to the surface, the
the annular space above the cemented section will be filled with drillin;

mud.

Artificial penetratioms i
influence can provide potential ¢
when abandoned, improperly cemente

A fluid filled well bore or annular space provides resistance t
upwards fluid migration because of two opposing forces. The first woul
be the hydrostatic head or downward force caused by the weight of th
fluid column. This can be described as psi/foot of depth by taking th
weight of one cubic foot of water and dividing it into 144 square inche
one-foot high. A cubic foot of water weighe approximately 62.3 pounds
dividing by 144 square inches, we find that a column of water one-foo
high exerts a downward pressure of 0.433 psi. Therefore a column of wate
1900 feet deep would provide a downward force of 433 psi. If fluid wer
uxgtating upvard, it would have to have a driving force in excess of 43
psi. This example used fresh water having a density of 8.33 1lbs/gal
The second opposing force that would act as a deterent to fluid migratic
along a well bore would be present ouly if the fluid filling the well bor
had gel strength. Most drilling fluids contain this characteristic.
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Oone of the primary functions of the drilling mud is the removal of
drilled cuttings from the well bore. The mud carries the cuttings from
beneath the bit, transports them up the well bore/drill pipe annulus gnd
releases them at the surface. Since normal drilling operations require
that mud circulation be stopped. periodically to add another joint of ?rill
pipe, the mud must have a property which acts to suspend the drilled
cuttings in the static mud column. This property is known as gel
strength. Gel strength 1is time dependent and increases as the mud column
remains quiescent. Most drilling fluids are thixotropic and develop 3 gel
scructure like "Jello" when allowed to stand quiescent but become fluid

when disturbed.

mine the combined effect of both hydrostatic head and gel
s a deterrent to fluid migration along a mud filled well
bore or annulus, we must first identify the forces acting on a well bore
and/or annulus existing in a static state. Figure 8 represents a vertical
force diagram of a static mud column in an abandoned well that contains no
uncemented casing. Figure 9 represents the forces acting on the static
mud column in the annulus between the casing and open hole above the

cemented interval.

To deter
strength acting a

The equation for the force balance in Pigure 8 takes the following

form, |
w + GSy (2 wryh)= . (rr2)- Pr (ory) (18)
where
w = r2,ph

and

w = weight of mud column
GSy = gel strength of mud column acting on circumference area of

well bore
P, = pressure at top of well

P¢ = pressure at formation being contained
ry = radius of well bore

h = height of mud column in well bore

p = density of mud

Simplifying the force balance and adjusting for standard units, we
obtain the following pressure equation,

Pg = Py + 0.052ph + 3.33 x 1073GSh/D (19)
where:

Pf = pressure at the contained formation in psi

P, = pressure at the top of well

p = density of mud in lb/gal

h = height of mud column in feet
GS = gel strength in 1b/100 ft2

D = diameter of well bore in inches
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ANNULUS STATIC MUD COLUMN
FORCE BALANCE DIAGRAM
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The force balance equation fo:vrigure 2 takes the form

w + GSc(2 wrch) + GSyw(2wryh) = (20)

Pff(rzw - rzc) - Pex (r Zw - rzc)

where
W o= ph(tzw - rzc)
and
w = weight of mud column in annulus

GS = gel strength of mud acting om circumference area of both the
well bore (GSy) and casing wall (GSc) and GSy = GSc

P, = pressure at top of well

P¢ = pressure at formation being contained
ry = radius of well bore

rc = outside radius of casing

h = height of mud column in annulus

density of mud

Simplifying the force balance and adjusting for standard units, we
obtain the following pressure equationm,

3.33 x 10_3GSh 2n
Dy - D¢

Pf = Pr + . ph +
where:

pressure at the contained formation in psi
pressure at the top of the well

density of mud in 1lb/gal

height mud column in feet

gel strength of mud in 1b/100 ft2

diameter of well bore in inches

outside diameter of casing in inches

©
[ B N N ]

&

o
0
[ ]

Drilling Fluid Properties

It is generally recommended that the values required to calculate the
flow reaistance of a mud filled well bore or annular spsce be obtainet
from the well records. The physical configuration of the well can usuall:
be obtained from many sources. These include but are nmot limited to start:
and federal permit records, the owner/operator files, commercia.
libraries, geological surveys and other public information sources. The
density of the drilling fluid used to drill the well is normally recorde:
on the geophysical log heading as shown in Exhibit 1. The gel strengt!
values may be more difficult to obtain. Mud properties are generally ru
while conditioning the mud to run casing and cement. These values ar
normally determined by the drilling fluid supplier or service company an
are reported on standardized forms such as the one shown in Exhibir 2
These data are normally available from the owner/operator”s well fi’ o
the service company. Also, it 1s frequently not necessary to fin. .
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well records of each well since wells drilled adjacent to each other
frequently use the same or cimilar mud systems. Historical records are
also a good source of obtaining conservative values for gel strengths of
specific types of drilling fluid systems.

nt types of mud systems varies, it

is difficult to determine the exact gel streagth of the mud in a
particular well bore. A review of cne gel strength characteristics of
various types of muds was made to evaluate the factors that effect the gel
strength structure. The aim of this review was to provide sufficient
information to determine the minimum gel strength structure that could be
anticipated for any combination of formation, well bore and mud type.
This value can then be used 1if insufficient data is available for a

specific well bore.

Since the gel strength of differe

Thixotropy is the property, exhibited by certain gels, of liquifying
when stirred or shaken and then returning to their gelled state when
allowed to stand quiescent. This property in drilling f£luids 1is the
result of various clay minerals being used as additives 1in drilling
fluids. Generally, clay particles fall into the colloidal particle range.
Colloidal systems used 1in drilling fluids include solids dispersed 1in
liquids and liquid droplets dispersed in other liquids. These highly
active colloidal particles comprise a small percentage of the total solids
in drilling muds but act to form the dispersed gel forming phase of the
mud that provides th= desired viscosity, thixotropy and wall cake

properties.

Clay particles and organic colloids comprise the two classes of
colloids used when mixing drilling fluids. The common organic colloids
include starch, carboxycelluloses and polyacrylomine derivatives.

Barker (1981) reported that, "The clay colloids utilized in common
drilling fluids are characterized by a crystalline structure which
influences the ability of the clay to retain water." Clays used in fresh
water muds consist of hydrated alumnosilicates comprised of alternate
plates of silica and aluminum to form layers of each mineral. The
plate-like crystals have two distinct surfaces: a flat face surface and
an edge surface. Slight surface polarities induce weak electrostatic
forces along the faces and edges of the mineral plates. Garison (1939)
noted that these electrostatic forces attract planer water to the
colloidal particles forcing the clays to swell when wet and shrink when
dry. The attraction of planer water to the faces of the plates 1s greater
than the attraction of the sheets for each other therefore the structure
tends to swell due to the absorbsion of the planer water from the drilling
fluid. The bentonite clays demonstrate a strong ability to attract planer
water as a result they experience extreme swelling. When in contact with
fresh water, the face to face attraction of water by the mineral layers
will continue until the swelling reduces the attractionm of the plates to
the point where they separate. This separation results in a higher number
of particles and is referred to as dispersion. The dispersion causes the
colloidal suspension to thicken. The degree of thickening depeads on the
electrolytic coantent, salt concentration of the water, time, temperature,
. pressure, pH, the exchangeable cations on the clay, and the clay
concentration. '
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 Gel Strength, The Measure of Thixotropy

Thixotropy 18 essentially a surface phencmenon which is characte ¢
by gel strength measurements. The gel strength indicates the attr:
forces between particles under static conditions. The strength of th .
structure which forms under static conditions is a function of the amoul
and type of clays in suspension, time, temperature, pressure, Ph, and ti
chemical treating agents used in the mud. Those factors which promot
the edge-to-edge and face-to—edge association of the clay particli
defined as flocculation increase the gelling tendency of the mud and tho!
factors which prevent the association decrease the gelling tendency.

colloidal particles remain indefinitely

water the clay particles will m
When flocculation occurs the particles form clumps or fioc
d flocs contain large volumes of water. 1f ¢

d is sufficiently high, flocculation wi
structure instead of individu

Due to their size,

suspension. When suspended in pure

flocculate.
These loosely associate
clay couceatration in the mu
cause formation of a continuous gel

flocs.

The gel structure commonly observed in aquesous drilling flul
cesults from salt contamination. Soluable salts are usually present
sufficient quantities to cause &t least a mild flocculation. The ti
required for the gel to attain an ultimate strength depends om t
critical conce-:ration of electrolyte required to initiate flocculatic
the thinners :---sent, and the concentration of the clay and of the sa
present. Dur..3 drilling the presence of salts and clay particles vari
with each formation being drilled, therefore the drilling f£1+v'°

monitored and adjustments are made in order to maintain the desi)

strength.

Gel Strength of the Static Mud Column

multispeed direct indicating viscome!
(See Exhibit 3) by slowly turning the driving shaft by hand and observ:
the maximum deflections before the gel satructure breaks. The gel stren
is normally measured after quiescent periods of 10 seconds (initial

strength) and 10 w=inutes. The maasurements are taken at surf
conditions of standard temperature and pressuras. To determine the

strength of the static mud columm in an abandoned well it is necessary
determine the gel strength of the mud under the influence of boreh
conditions. The initial and 10 minute gel strengths bare to dir
relation to the ultimate gel strength of the mud at borehole conditic
To determine the ultimate gel strength of a mud it is necessary to disc
the factors which act to influence the initial gel strength at boret

conditions.

Gel strength is measured by &

Once the drilling operation is completed and the well is aband«
the mud is subjected to conditions vastly di fferent from those encount:s
at the surface. In the range of formation depths utilized for disposa
industrial wastes the temperature would be expected to range from 8(
300°F, the pressure from 1500 to 5000 psi and time from days to sev
years. Several studies have been counducted to determine the 1 ¢t
time, temperature and pressure on the gel strength of wmuds at
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asined from this research should provid

i rmation obt
The info gth value for

nsble minimum gel stren v
he range of formations described at

conditions. :
means of determining & Teaso

abandoned wells which exist in t

It is observed that common use water base auds de\.velo;)'hxgh
strengths after prolonged periods of quiescence. The relanonsgup betw
gel strength and time varies widely from mud to wmud, dependxn; on
composition, degree of flocculation, temperature, pH, solids,
pressure. Figure 10 (G.D. Gray, H.C. Darley and W.F. Rogers, 19
indicates the increase in gel strength with time for various mud types
reveals that there is no well established means of predicting long t
gel strengths with time. It is noted in all cases that the gel stren

is observed to increase.

Garrison (1939) studied the gel strength in relation to time and r
of reaction for California bentonites. He obnervefi that both the sp
and the final strength increased with the bentonite percentages. ‘

gelling wvas found to follow the equation:

Skt (22
l+kt

S =

where S is the gel strength at any time t, 8' is the ultimgte
strength, and % is the gel rate constant. PFigure 1l indicates that
gel strength ‘:rms more rapidly at first then gradually approaches
ultimate valu: is time elapsed. Equation 22 may be revritten as:

t t 1
[ i L
S §' §'k
which indicates that a plot of t/8 verses t should be a straight i
Figure 11 represents the graph of t/S versus t, and indicates the slope
the line is k and the y-intercept is 1/S'k. This approach provide:
means to evaluate the ultimate gel strength for each benton
concentration. Table 2 represents the ultimate gel strengths and r
constants for the five samples shown in Figures 11 and 12. Garrison a
made messurements on similar suspensions at higher pH and determined t
the ultimate strengths of the bentonite gels increased with e
suspension as the pH increases. Table 3 reflects the pH - ultimate
strength relationship observed.

Garrison also noted that the treating of muds with thinners had
effect of decreasing the rate of gelling but not the ultimate
strength. Thus it can be concluded that the reduced initial and 10 wmin
gel strength will not be any less than that recorded for an untrea
fauple of the same mud. In fact, the ultimate gel strength may e
increase as indicated in Table 2.

Garrison's work does not indicate that all muds comply with Equat
22, but it does point out that the initial and 10 minute gel strengths
not pr.ovide a reliable means of predicting the ultimate gel s~ -~ng
Weintritt and Hughes (1965) conducted progressive gel strength .
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GEL STRENQTH

FIQURE 10

INCREASE IN GQEL STRENGTHN OF
VARIOUS MUD TYPES WITH TIME

(FROM GRAY, DARLEY, AND'RO.IRS)

FLOCCULATED MUD

UNTREATED Mupd

TIME

179



QEL STRENRGTH, DYNES/CH :

118

110

100

T0

40

10

FIGURE 11

S8€ TABLE 2

GEL STRENGTN N RELATION TO T
AND RATE OF REACTION
(FPROM GARRISON 1939)

IME

TIME 1N MINUTES
| | |

18

48 ( 1] 78

180

108

120

138



t/e

FIGURE 12

GEL 'T.llﬂfﬂ AND RATE CONSTANTS
(FROM GARRISON 1939)
SEE TABLE 2

.]u-
1]

ol
-0'

wi=

TIME IN

MiINUTES

181

80 100

120



TABLE 2

GEL RATE CONSTANTS CALCULATED FROM FIGURES 11 AND 12

Bentonite Additives

Gel Strength

Rate Constant

Per Cent (Ultimate)

Sample #
4.5 1 ———————— 34.4 0.047
5.5 2 - e 74.4 0.75
6.5 3 — 114, 0.79
5.5 4 0.1Z Na Tannate 104, 0.0089
5.5 5 Sodium Hydroxide 99.7 0.033

(From Gray, Darley and Rogers)

TABLE 3

CONSTANTS IN GELLING EQUATIONS OF RENTONITE SUSPENSIONS

Sentonite Gel Strength pi+ pBE+ pBR+ pH+
Per Cent and Rate 9.2 9.3-9.5 9.9-10 10.8-11
Conatant

4.5 s” 34.4 40.1 48.5 69.6
4.5 k 0.047 0.071 0.076 0.063
5.5 S” Th.b 32.2 128.9 152.7
5.5 k 0.75 0.22 Q.13 0.18
6.5 s~ 114, 141. 250. 268.
6.5 k 0.79 0.30 0.10 0.25

(From Garrison 1939)
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r periods up to 16 hours and obtained
They noted that although Mud E and Mud
F had similar properties, Mud F developed only a wmoderate gel strength
while that of Mud E was much greater. Once again it is observed that the
initial gel strength and 10 minute gel strength measurements are not
always indicative of gel strength development which is observed at
elevated temperatures and extended time. The three muds designated 1n
Table & were obtained from wells within the same field just prior to

cementing operations.

ferrochrome lignosulfonate muds fo
the results presented in Table 4.

(1976) noted that when a bentonite mud 1is quiescent, the
depends on both temperature and time. Annis compared the
ature on the initial and 30 minute gel strength of an 18
ppb bentonite suspension. Figure 13 indicates that the 30 minute gel
strength of the 18 ppb suspension is at any temperature approximately six
times the initial gel strength. The dependence of gel strength on time at
di fferent temperatures, as noted by Annis, is shown in Figure 14. Based
on these and other tests of up to 18 hours Annis concluded that there is a
strong indication that gel strength increases indefinitely with time.

Annis
gelling process
effect of temper

Conclusion

In review, the above works indicate that the ultimate gel strength of
water base muds is considerably higher than the values recorded for the
initial and 10 min::: gel strength. Although there is no direct
relationship between 3221 strength and time, it is possible, based on
available information, to conclude that the ultimate gel strength of a mud
will be several times larger than the initial or 10 minute gel strength of
the mud. In reference to the work by Garrison (1939), it is possible to
consider the ultimate gel strength of a treated mud to be equivalent to
that of a similar mud that was not treated, since the effect of the
thinner is to decrease the rate of gelling and not the ultimate gel

strength obtained.

In addition to time, temperature can have a major effect on the gel
strength of water based drilling fluids. Srini-Vasan (1957) studied the
effects of temperature on the gel strength of several water based drilling
muds. Table 5 lists the muds which were tested and Figures 15 and 16
indicate the temperature versus gel strength relationships obtained. In
most of the cases investigated by Srini~Vasan it was noted that the gel
strength leveled off after 160°F. The emulsion and lime treated muds
showed no change in gel strength with increase of temperature. 1t was
found that each mud had its own characteristic curve and no quantitative
xuterpfeta:ion was possible. The work of Weintritt and Hughes (1965) as
noted in Table 4, indicates that emulsion Mud G experienced no change in
gel strength in going from 75 to 180°F over a wide range of times. It is
noted that although the gel strength did not vary with temperature, it
:ent from an initial gel strength of 0O to a gel strength of 25 after 16

ours.

The equipmnent utilized by Srini-Vasan restricted his investigation to
temperatures up to 220°F.
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TABLE &

COMPARISON OF MUD PROPERTIES WITH PROGRESSIVE GEL-STRENGTH TESTS
GYP-FERROCHROME LIGNOSULFONATE EMULSION MUDS

SAMPLE
Mud E Mud F Mud G
No Treatment 3 lb/bbl PCL
Weight, unstirred, lb/gal 11.0 10.7 10.6
Weight, stirred, lb/gal 11.0 10.3 10.7
Plastic Viscosity, cp 14 23 16 15
Yield Point, 1b/100 sq ft 3 6 2 !
10-sec gel, 1b/100 sq ft 1 2 1 0
10-min gel, 1b/100 sq ft 8 8 7 3
API filttate, sl 602 303 5.2 2.9
pH 10.9 10.6 10.5 10.4
Composition: wa= % by vol 76 63 75
0i., . by vol 5 11 9
Solids, % by vol 19 16 16
Solids, % by wt 39 36 37
Solids, SG 2.7‘ 2.9 3.0
Filtrate Ion Analysis:
Chlorides ppm 3500 400 3000
Sulfate, epn 250 300 130
Carbonate, epm 24 28 12
Bicarbonate, epm 12 160 12
Calcium, epm 44 52 44
Progressive Gel Strengths Temperature (°F)
1b/100 sq ft
Time 75~ 180> 75> 180~ 75~ 180~ 75 180"
0 minutes 1 1 2 2 1 1 0 0
3 minutes 2 3 2 5 3 8 1 1
10 minutes 8 18 8 12 7 26 3 k]
30 minutes 15 40 11 18 17 58 5 5
60 minutes 27 90 18 16 29 91 6 6
2 hours 31 145 22 22 29 104 7 7
4 hours ‘ 37 190 29 42 46 172 10 10
8 hours 46 190 33 42
16 hours 80 320 40 57 95 320 25 2

(From Weintritt and Hughes 1965)
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LBS/100FT

GEL STRENGTH,

FIQURE 13

EFFECT OF TEMPERATURE ON INITIAL
AND 30-MINUTE GEL STRENGTH
(PROM ANNRIS 1978)
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FIGURE 14
ZFFECTS OF TINE AND TEMPERATURE
OoN QGEL STRENGTNH
(FROMN ANRIS 1976)
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TABLE 5

COMPOSITION OF THE MUD SAMPLES TESTED FOR GEL STRENTGH

SAMPLE NUMBER COMPOSITION OF THE MUD**

33 2 per cent bentonite mud

34 3 per cent bentonite mud

35 4 per cent bentonite mud

39 ‘ 10 1b/gal, &4 per cent bentonite, barite mud

43 10 1b/gal, 10 per cent (by volume) Diesel oil,
4 percent bentonite, barite, emulsion mud

47 10 1b/gal, 4 per cent bentonite, barite, surfactant
(DMS) mud

49 10 1b/gal, low lime (1 1b/bbl) treated, 4 per cent

bentonite, barite mud

*%A]]1 muds referred to are water base muds.
All per cent quanti:ies mentioned denote weight per cents, unless

otherwise designated.

(From Srini-Vasan)
TABLE 6

GEL STRENGTH OF A 4 PERCENT SUSPENSION OF PURE SODIUM

MONTMORILLONITE TO WHICH AN EXCESS OF 50 MEQ/LITER OF

NaOH HAS BEEN ADDED, MEASURED AT VARIOUS TEMPERATURES
AND PRESSURES

Gel Strength (1b/100 sq ft)

t("F) P(psi) 1 min 10 min 30 min
78 300 2.2 -_— 35.0
8000 2.2 - 7.0

212 300 18.0 26.0 40.0
8000 9.0 9.0 15.0

302 300 240.0 290.0 265.0
8000 88.0 100.0 100.0

(From Hiller 1963)
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QEL STRENGTH , LBS/100FT.?

FIQURE 18
GEL STRENGTN VERSUS TEMPERATURE FOR

SENTONITE ~-WATER MUDS (FRON SRIMI-VASAN 1987)
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GEL STRENGTH, LBS/100PT.

FIGVYRE 18

GEL STRENGTH VERSUS TEMPERATURE FOR
DIFFERENT MUDS (FROM SRINI-VASAN 1987)
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Annis (1976) was capable of ;nvestigacing the gel strength up to
temperatures of 350°F. Srini-Vasan observed that the gel strengrhs
leveled off after 160°F but Annis noted that at higher temperature
rapid increase in the gel strength was noted. Figure 17 reflects &
observatioan. Thus 1increased temperature, like 1increased bentonite
concentration promotes flocculation. The temperature at which a rgpid
increase in gel strength occurs, represents the onset of flocculation.
Therefore it 1is possible to expect the gel strength to increase

significantly at some elevated temperature.

Annis studied the gel strength properties of about 40 water base
field muds at temperatures ranging to 300°F. The muds covered a wide
range of densities and mud types, although the majority were
lignosulfonate muds. To draw conclusions on the effects of high
temperature on gel strength, the gel strength properties were averaged and

are presented in Figure 18.

Hiller (1963) noted that some clay suspensions display a decrease in
gel strength with increased pressure, especially at high temperatures. It
was noted that the gel strength was reduced to 1/4 of 1its original value
for a pressure increase from 300 to 8000 psi at a temperature of 302°F.
This reduction in the gel strength resulting from increased pressure is

presented in Table 6.

Although n lirect wmeans exists to determine the ultimate gel
strength of a .ling mud at borehole conditions, it 1is possible to
safely say that -2 gel strength developed in the borehole is consider-“1y
greater than that indicated by the initial and 10 minute gel strei
recorded for a given mud. The effects of time, temperature and pres.
on the gel strength of the static aud column have been discussed above.
In the range of pressures and temperatures normally encountered in
disposal formations, pressure should exert a negligible effect on the gel
strength. Flocculation at high temperature should not occur except-in the
deepest of disposal formations. Certain muds do not display a temperature
dependence, but the effect of time is ever present. ‘

The research discussed above investigated muds with 0 initial. gel
strength to ultimate gel strengths of 100°s 1bs/100SF. In an attempt Co
select a minimum ultimate gel strength that could be expected for the
worst of sud and borehole conditions, a value of 20 1bs/100 ft2 should
be utilized for the ultimate gel strength im all gel strength pressure
calculations where actual numbers are not available. This value will
provide a considerable safety factor in most cases.

The 20 1b/100 ftZ ultimate gel strength was arbitrarily selected to
ijnsure that a sufficient safety factor 1s built into the proposed
procedure. The selection is the result of individual judgment prejudiced
by the above discussion.”
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FIGURE 17
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ABSTRACT

The distance to which arificial penetrations should be reviewed in
the vicinity of an injection well is dependent upon many variabies
including the hydrologic and geologic characteristics of the disposal
zone, wastewater properties, injection rates and volumes. amount of
separation between the base of fresh water and disposal zone. and
other disposal operations utilizing the same interval. The Texas
Department of Water Resources uses a 2%-mile radius of investigation
as a rule of thumb for evaluating applications for waste disposal well
permits; however, this distance can be adjusted if reservoir pressure
resulting from well injection calculated using the nonequilibrium
formula developed by Theis (1935) warrants. Recommendations to
reenter and plug abandoned wells were made when pressure calculations
indicated injection well operation might create a hazard in improperly
plugged wells.

One method of establishing a uniform radius of investigation is the

evaluation of disposal zone models. The models demonstrate the
sensitivity of the radius of investigation to changes in different
reservoir, fluid and injection variables. Since evaluations of

antificial penetrations are made prior to drilling a disposal well, it
is sometimes difficult to obtain accurate data for the variables
affecting reservoir pressure.  The investigation of a 2'%-mile radius
should be continued unless prior justification of a smaller radius is
supported by reliable reservoir data. = Injection operations should be
reevaluated using the data obtained from reservoir testing after well
completion.



INTRODUCTION

The Texas Department of Water Resources (TDWR) is the permitting
agency for underground injection of industrial wastewater in Texas.
One of the aspects of evaluating the suitability of a subsurface
disposal project is the investigation of anificial penetrations in
the vicinity of a proposed injection well. The distance to which
abandoned or completed wells should be reviewed depends upon may
variables, including the hydrologic and geologic characteristics of
the disposal zone, wastewater properties, injection rate and volumes,
amount of separation between base of fresh water and disposal zone.
and other disposal operations utilizing the same interval.

The TDWR uses a 2%-mile radius of investigation as a rule of thumb.
If reservoir pressure calculations indicate a significant  pressure
increase at 2%-miles, it may be determined that a greater area of
review is necessary. Initially, all applicants must submit data on
all known penetrations within a 2%-mile radius of investigation.
unless prior justification for a smaller area of review is made.
Additional data can be required if the reservoir pressure calculations

warrant.

The determination of what constitutes an improperly completed plugged
well is a difficult problem. Generally, a well that has been properly
completed or abandoned is one where interformational transfer of
fluids does not occur or will not occur as a result of changes in the
reservoir pressure. Although our primary concem is protection of
groundwater resources. oil and gas formations and other mineral
bearing zones (i.e., magnesium produced from brines in the Yates
Formation) should be protected.

The evaluation of a well must consider the regional geology.
completion or plugging methods, and expected reservoir conditions.
Most dry exploratory (oil wells) holes on the coastal plain were
abandoned with surface casting set and cemented at the base of fresh
water and long string casting was usually pulled. Cement plugs were
set at the base of the surface casing and at the surface with drilling
mud left in the hole in most wells. Due to the unconsolidated nature
of the sediments and the plastic nature of most Tertiary shales.
abandoned well bores probably do not remain open for long periods of
time; however, for the technical evaluations of aquifer penetrations.
the holes are assumed to remain open.



In the west and north-central part of the State injection zones,
confining beds and most of the overburden strata are more competent.
indurated rocks. Well bores will remain open for indefinite periods
of time. and frequently drilling fluids and cement may not be in the
well bore because of lost circulation zones.

Probably the greatest danger from artificial penetrations occurs in
the West Texas area. Most reports of flowing abandoned wells or
groundwater contamination from oil field brines are from this area.
There are several possible causes for these problems including well
bores that do not collapse around the casing or close after casing is
removed. or lost circulation zones that force operators to uninten-
tionally abandon or complete a well without adequate mud or cement.

Another problem common to all areas of the State is wells that are
temporarily abandoned with casing in the hole and then forgotten.
Often erroneous data is submitted on plugging or completion reports.
For example, many tabulations indicate that a well is producing;
however, the well may not have produced in may years and is
temporarily abandoned.



METHOD OF EVALUATION

The staff evaluation of arificial penetrations primarily consists  of
review of the completion and/or plugging records in the subject area
to identify improperly compieted or abandoned wells. The pressure
increase caused by the proposed injection program is calculated for
each potential problem well using estimated values for transmissivity
and storage in the nonequilibrium formuia developed by Theis (1935).
Multiple well and image well effects are considered where applicable.
The nonequilibrium formula in United States Geological Survey units is

expressed as:
ah =114.6Q [ - »
T I e _du
| u
I
|
| :
J 1.87r'S
Tt
Where:
U = L.87r'S
Tt
sh = change in head at observation point (feet)
Q = discharge of well (gallons per minute)
T = transmissivity (gallons per day per foot)
r = distance to observation point (feet)
S = storage coefficient (dimensionless)
t = time (days)

The nonequilibrium formula is based on the following assumptions:

1) the aquifer is homogeneous and isotropic

2) the aquifer is of infinite areal extent and constant thickness

3) the discharging (injecting) well has a small diameter and
completely penetrates the aquifer

4) water is released instantaneously from storage

Although no aquifer exists in nature that meets all of these
assumptions, the nonequilibrium formula can be applied successfully to
estimate pressure changes. The nonequilibrium formula was modified by
Wenzel (1942) as follows:

sh = 114.6Q W (u)
T



Where W (u) represents the “well function of u” and other terms are as
previously defined.

f
| & = W(u) = 0577216 = log, u + u_u’
I
I
J

Values for W (u) for values of u from 10" to 9.9 were tabulated by
Wenzel (1942).

The formula for obtaining u, as previously stated, is:
2

u=187rs
T

To solve the above equations and estimate pressure increases (ah). the
storage coefficient must be determined.  The storage coefficient is
the volume of water that is released or taken into storage per unit
surface area of an aquifer per unit change in the component of head.
normal to that surface. The formula for the coefficient of storage

182

( a
S = f(w) @ m \B +3) (modified after Jacob (1950))

1

Where

fl(w) =weight of 1 cubic inch of formation water at stated
temperature (pounds)

(%] = porosity

m =thickness of saturated aquifer (inches)

a = |/bulk modulus of compression of aquifer skeleton (square
inches per pound)

B =]/bulk modulus of compression of aquifer water (square

inches per pound)



REVIEW OF WASTE DISPOSAL WELL FILES

A review of TDWR Staff Technical Reports written during the evaluation
of Industrial Waste Disposal Well Applications Nos. WDW-33 through
WDW-151 was conducted -to determine the distances from injection wells
at which improperly abandoned or compieted wells have previously posed
a hazard to freshwater resources. The scope of this review is limited
to those wells described in the Technical Reports as potential
problems. An evaluation of the arificial penetrations in the
vicinity of many of the earlier permitted wells should be made using
real values for reservoir conditions and pressures resulting from many
years of injection.

Recommendations to reenter and plug an improperly plugged well or to
install a monitor well were made when the calculated increase in
pressure at a potential problem well was predicted to be sufficient to
cause fluids to migrate up the well bore of the problem well from the
injection zone to the base of freshwater. If pressure calculations
indicated that the injection well operation would not result in a
significant increase in pressure at an improperly plugged well,
plugging or monitoring was not recommended.

If pressure calculations indicated a potential hazard where plugging
was not practicable. a pressure monitor well was installed and a
provision in the permit required the permittee to cease injection
operations and recomplete in another zone or plug and abandon the
disposal well when reservoir pressures approached a critical level as
indicated by the pressure in the monitor well.  This approach was
taken with Celanese Chemical Company's disposal wells which are
located near the Clear Lake Oil Field where twenty producing wells
were completed with insufficient surface casing. A graph of the
pressure increase since 1976 is shown in Figure 1.

Of the files on 91 waste disposal wells reviewed, 39 Technical Reports
described a total of 58 wells considered to be potential problems (not
counting the 20 producing wells with insufficient surface casing near
Celanese Chemical Company). Plugging or monitoring was recommended in
the Technical Reports for 25 improperly completed or abandoned wells
at distances ranging from 250 to 16,400 feet from the injection well.
Calculations of pressure increase indicated that the injection
operations would not create a hazard in 33 of the potential problem
wells evaluated at distances ranging from 2,800 feet to 14,500 feet.
These figures are listed in Table 1 and represented graphically in
Figure 2.



This review suggests that no standard radius of investigation of
artificial penetrations can be applicable to all proposed subsurface
disposal projects.  The distance from an artificial penetration to the
injection well is only one of many variables controlling the pressure
increase as a result of injection operations. For example, a
recommendation to plug or monitor an unplugged well 16,400 feet from a
proposed injection well in Harris County was made due to an injection
rate of 1,650 gpm (WDW-89 and WDW-90) with nearby injection wells
utilizing or permitted to utilize the same interval (Ethyl Corp.
Permit No. WDW-86 @ 1000 gpm). Conversely, pressure calculations
indicated no hazard for an unplugged well 2.800 feet from a proposed
injection well in Nueces County (WDW-97 and WDW-98) based on an
injection rate of 250 gpm with no other injection wells utilizing the
same interval. Discussion of the relative significance of the
variables affecting pressure increase is necessary (o determine the
distance from a proposed injection well at which artificial
penetrations should be evaluated.
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Table 1. Evaluation of Petential Problem Well Recommendations

Waste Disposal Well Permit Nos. WDW-33 to WDW-151

WDW No. No. of Wells Distance (feet) Recommendatio.
33, 45, 69~ 20 7,920 to 13,200 monitor
34,113,114 4 10,200, 13,200 &« 2 € 12,000 Ap calc no hazard
51 2 10,000, 10,560 8p calc no hazard
59, 71, 99 10,000, 10,560 plug or monitor
49 1 12,000 dp calc no hazard
70 2 11,800, 12,500 Ap calc no hazard
73 2 5,400, 7,800 dp calc no hazard
78 2 3,000, 4,000 plug or monitor
78 3 5,900 to 6,000 Ap calc no hazard
80, 127, 128 1 10,800 no hazard
80, 127, 128 1 12,700 plug
82, 83 1 8,000 Ap calc no hazard
82, 83 1 4,900 plug or monitor
BE** 4 1,900, 4,500, 5,000, 7,280 plug or monitor
89 & 90*»= 10,000, 12,000, 12,400, 16,400 plug or monitor’
89 & 90 1 14,500 dp calc no hazard
91 1 7,920 plug or monitor
92 1 250 plug
97, 98 5 2,800, 6,700, 13,000 & Ap calc no hazard
2 € .13,200
103 1 9,000 Ap calc no hazard
105 1 9,500 dp calc no hazard
110 .2 10,000 Ap calc no hazard
111 2 3,300 Ap calc no har -~
119 1 10,500 Ap calc no h:
123, 124 1 3,600 o plug or monitor
126 2 e 10,500 8p calc no hazard
130 4 5,800, 6,500, 6,900 & 9,900 plug or monitor
133 1 1,320 plug or monitor
139 3 4,800, 2 @ 10,000 Ap calc no hazard
140 1 5,000 plug or monitor
141 2 5,500, 6,500 plug or monitor

*

W
L3 ¢ 4

Celanese Chemical Co. disposal wells are located near the Clear Lake 0Oil
Field where some producing wells have short surface casing.

1,000 gpm

1,650 gpm
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DISPOSAL ZONE MODELS

Establishing  uniform  regulations for a reasonable radius of
investigation of arificial penetrations around injection wells is a
complex problem due to the many variables that affect pressure.
Models of disposal zones have been developed in an attempt to quantify
the effects of some of these variables.  The relative significance of
the values assumed for these variables with respect to reservoir
pressure can be assessed in this manner.

ASSUMPTIONS

A primary concern in the preliminary evaluation of a subsurface
injection program is to insure that sufficient area around the
disposal well is investigated: therefore, parameters required for the
determination of the radius at investigation were selected which would
result in a conservative analysis. The reservoir. fluid, and
injection characteristics assumed for a general analysis are as
follows:

1. porosity .10 to .30 (percent)
2. permeability/viscosity ratios 10 to 400 milidarcies/
_ centipoise (md/cp)
3. thickness 100 feet
4. depth of injection zone 5.000 to 7.000 feet
5. rock compressibility . 48x10°1t03.2x10°° psi’’
6. water compressibility 3.0x10°° psi’’
7. fluid density (unplugged well bore) 9.0 Ib/gal
8. initial reservoir pressure gradient .45 psi/ft.
9. fracture gradient .65 psi/ft.
10. maximum injection rates <350 gpm (gallons per minute)
11. project life 25 years
CALCULATION

The increase in reservoir pressure resulting from 25 years of
injection operations is estimated from the Theis non-equilibrium
formula.  The critical pressure shown on Figure 3 is the pressure
required to displace 9 Ib/gal mud in an unplugged well bore. These
values are determined at various distances for three assumed depths
(5.000. 6,000, and 7.000 feet) and five assumed permeability/viscosity
ratios (10, 40, 100, 200, and 400 md/cp). Bottom hole pressure in the
injection well is calculated assuming a fluid density of 30-40.000 ppm
TDS (specific gravity of 1.04) and the bottom hole pressure in the
unplugged well bore is caiculated assuming a 9 lb/gal mud is left in

11.



the well (specific gravity of 1.085). The data is also plotted for
porosity [a‘nging from .10 to .30 and rock compressibility ranging from
4.8 x 10 psi/lb. A net sand thickness of 100 feet was assumed and
various injection rates up to 350 gpm were used.

The maximum injection rate was determined that would not result in
reservoir pressure exceeding the fracture pressure and is indicated on
Figure 3. The fracture gradient was assumed to be .65 psi/ft and
Figure 4 is a graph of the effect of +5% error in the fracture
gradient. Figure 5 is a graph of the effect of an error of +2% in the

initial reservoir pressure estimation.

LIMITATIONS

The limitations of a conservative nature of the disposal zone models
presented include: no allowance for friction loss or skin effects.
assuming constant injection rates and pressure for 25 years, constant
(100 ft) thickness, assuming well bore of improperly plugged well
remains open, and assuming hydrologic communication with improperly
plugged well. Other limitations include the assumptions of:
homogeneous isotropic media, compatibility.

12 .
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RADIUS OF INVESTIGATION (fi.)
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Figure 5
itivity of Calculated Radius of Investigation
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CONCLUSIONS

The review of TDWR Staff Technical Reports prepared during the
evaluation of waste disposal well applications indicated that the
recommendations as to potential hazards of artificial penetrations
were not strictly distance-related. Generally, more recommendations
to plug abandoned wells were made for the closer wells evaiuated.
however, the exceptions show the significance of the assumed vaiues
for reservoir, fluid, and injection factors.

The disposal zones models demonstrated the relative significance of
the reservoir. fluid and injection variables with respect to areal

influence of well injection. The principal factors affecting
reservoir pressure increase resulting from well injection appear to
be: injection rate, thickness. initial reservoir pressure,

permeability/viscosity ratios, method of plugging or completion of
investigated wells, and depth of disposal zone. These models
emphasize the necessity of obtaining accurate reservoir data for

evaluation of pressure increases.

This report only scratches the surface of the possible applications of
disposal zone models to predict pressure increases due to well
injection. This. approach should be very useful in evaluating salt
water disposal projects associated with oil and gas production. The
data developed from the disposal zone models indicates that the
current practice of investigating artificial penetration within a
2'4-mile radius around proposed industrial waste disposal wells should
be continued. unless justification based on reliable reservoir data
indicated otherwise.  The modification of the disposal zone models to
fit specific injection well sites should be considered. where
applicable. Reevaluation of the radius of significant pressure
increase should be examined when the reservoir data becomes available
after well completion.

16 .
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APPENDIX

CALCULATIONS
Fracture Pressures +5% Frac. press. = formation breakdown pr.
p = Frac press - bottom
hole pressure
-5% +5%
Depth Frac. Frac. Frac.
(feet) Press. p Press. je) Press. o)
5000 3090 840 3250 1000 3410 116
6000 3705 1005 3900 1200 4100 140
7000 4325 1175 4550 1400 4780 160

Formation Fluid Density +2%

Depth -2% Depth +2%

5000 2205 145 2350 100 2295

6000 2800 120

7000 3290 140

ASSUMPTIONS

d =100 ft. depth = 5000, 6000, 7000 feet

t = 9125 days frac. gradient = 0.65 psi/ft.

Q = 350 gpm frac. pressure = 3250, 3900, 4550 psi
g =20.1 to 0.3 mud density = 9 lb/gal

a = 4.8 x10"° to 3.2 x10°° psi”! specific gravity (mud) = 1.085

B =3x10° psi*? bottom hole pressure (unplugged well)
k/u = 10, 40, 100, 200, 400 md/cp 2350, 2820, 3290 psi

p = 1.04 (Pormation Fluid) specific gravity (water) = 1.04

bottom hole pressure = 2250, 2700, 3000
(injector)



th = 1146.0 W (u)
T

u =1.87¢'s
Tt

where:

sh = change in head (feet)
Q = discharge (gpm)
T = Transmissivity (gpd/ft)

W(u) = well function of
r = radius from injecticn well (feet)
t = time since injection began (days)
S = storage coefficent

S=Fw @m (B + a)
{ o

wWhere:

F(w) = formation factor
@ = porosity (percent)
= thickness of aquifer (inches)
= compressibility of water psi/lb
= compresgibility of aquifer skeleton psi/lb

M w8
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ABSTRACT

The objective of this research is to establish a reference

framework (with respect to concepts, safety factors, etc.)

concerning the status and condition of abandoned wells which may

be located near an injection well operation. The validity of the

assumption of a wellbore filled with mud of a minimum weight of 9
pounds per gallon for abandoned wells is confirmed through a
survey of the literature and interviews of experts in the field.
In addition to the resistance to vertical fluid flow in an
abandoned well, which is conveyed by the hydrostatic head of 9
pounds per gallon mud, the gel properties of borehole mud alone
in a 15-inch diameter wellbore at a 5,000 foot depth, will
withstand at least 27.75 psi of reservoir pressure increase from
injection. Other intangible safety factors include the
following: (a) there is a high probability that wells abandoned
after 1967 are properly plugged; and (b) wells abandoned during
the period 1919-1967 may be properly plugged, even if
documentation is lacking. Experience with well drilling has
shown that uncased wells in the Gulfvéoast region of Texas, and
uncased wells which penetrate certain unstable rock formations of
the Triassic System in West Texas, rapidly undergo borehole '
closure by the natural processes of borehole wall swelling,
sloughing, and bridging. This report identifies 267 abandoned
wells located near certain industrial waste disposal well sites
which are assumed to be plugged with drilling mud only.

iti
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PRESSURE EFFECTS OF THE STATIC MUD COLUMN IN ABANDONED WELLS

INTRODUCTION

injection wells
all artificial
radius of a

The Texas Water commission regulates Class I

py permit. The permit process involves review of

penetrations of the subsurface, within a_2.5 mile
ne the maximum allowable

causing fluid

proposed injection well, to determi
reservoir pressure build-up without potential for
movement through abandoned wells. The review process must

include consideration of problem wells which are abandoned with

inadequate cement plugs or have inadequate Or nonexistent

plugging records. It has been assumed that such abandoned wells

are filled with a 9 pound per gallon mud, unless otherwise
documented.

The Commission has assumed in its permit review process,

that the total reservoir pressure within the area of influence of

n injection well should not exceed the hydrostatic head.of the

mud column at any unplugged abandoned well within the area. This
criterion for safe limits on injection operations does not

consider several factors which may add considerably to the safety

of an injection operation.

Purpose

The purpose of this investigation is to evaluate the
following with respect to artificial penetrations: (a) the
history of drilling and plugging practices as they relate to the
probability of interformational fluid transfer in abandoned
wells; (b) gel strength of wellbore mud; and (c) effects of
geologic and geographic differences as determinants of natural
borehole closure.




Scope

This study includes the collection and compilation of all
available data pertaining to the control of downhole pressure and
potential for fluid movement in abandoned wells which are filled
with drilling mud. In addition to the resistance to fluid flow
conveyed by the weight of the mud column £filling an abandoned
well, the study will also consider the added pressure effects of
the gel strength of drilling mud, the development of well
drilling and plugging practices over the years, the probabilities
of natural borehole closure, including the geologic determinants
on the condition of the abandoned borehole, and the properties of
drilling mud in the borehole after long periods of time. The
scope of the study has been limited to literature and file
research, interviews with persons experienced in well technology,
and the preparation of a report which presents tabulated
abandoned well data, location maps, and conclusions and

recommendations.

Method of Investigation

Following the study proposal, formulated early in 1985, the
investigation began in November, 1985, and involved two persons
working full time. Persons experienced in the fields of well
drilling, plugging procedures, and mud technology were
interviewed concerning the ability of mud in abandoned wells to
prevent fluid flow. Summaries of these interviews or "personal
communications" are included in the Appendix to this report,
along with summaries of literature of particular relevance to the

study.



e literature review was accomplished by consulting
ewed, and by the

U. S.

Th
references suggested by the persons intervi

assistance of the Commission's library staff and the
Environmental Protection Agency (EPA) Region 6 staff in
conducting computerized data base searches. The Commission's
library staff used the Dialog Information Retrieval Services,
Inc. system which has more than 220 available data bases. The
four data bases of the Dialog system which contain engineering
and geotechnical data were searched by inputting the key word
groupings of "abandoned wells," "well plugging,"” mud-plugged
wells,”" and "mud gel strength," and the various permutations of
these groupings into the computer system. Also, a computer
search of the National Ground Water Information Center (NGWIC)
library files was provided by the EPA Region 6 office. The files
or data bases searched are described under the heading of "Data

Bases" following the Reference section of this report.

All literature relevant to the study is listed in this
report under the heading of "References." Considering the
extensive literature search undertakeﬁ,'it was noted that there
are remarkably few references in the literature to the specific
topics of this study. Apparently, there have been very few '
opportunities to gather mud data from abandoned wells, since
abandoned wells are seldom reentered. The relatively few known
cases of reentering abandoned wells were either: (1) to
recomplete the wells for injection operations for wastewater or
brine disposal or water flood operations for enhanced recovery of
petroleum, (2) excavations in mining operations which encountered
abandoned mineral exploration holes, or (3) were ordered by the
TWC or its predecessors, or the Railroad Commission of Texas, to
properly plug the well to protect ground water or mineral

resources.



Following the review of the literature and personal

criteria for identifying potentially problem
2-1/2 mile radius of an active permitted

Cclass 1 waste disposal well were formulated. A potential problem
well was defined, for the purpose of this study, as an abandoned

well which lacked clear documentation of at least one cement plug

ne (injection formation) and the base of

between the disposal zo
slightly-saline ground water (3,000 mg/l total dissolved solids).

Using the criterion described above, potential problem abandoned
wells were tabulated by the Commission's Underground Injection
aff from the microfiche and hard copy files of

communications,
apbandoned wells within a

Control Section st
permitted waste disposal wells.

‘The well tabulation portion of the study (Table 1) is
presented alphabetically by waste disposal well permittee and/or
site location. Figure 1 shows the sites in Texas of waste
disposal well areas of review having one or mbre potential
problem abandoned wells. Figures 2 through 28 show the locations
of potential problem abandoned wells within each waste disposal

well area of review.

In Table 1, each well is identified by well operator and
well name (lease and well number within the lease). Drilling and
abandonment dates are included in Table 1 to allow conclusions to
be drawn concerning probable well depths, and well construction
and plugging technology available at the time the well in
guestion was drilled. Under the column heading of "Remarks,"
each of the wells compiled in Table 1 is characterized by
documentation of wellbore mud, and long-string casing. When
available, mud weights are also reported in this same column in
pounds per gallon.
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HISTORICAL DEVELOPMENT OF DRILLING AND PLUGGING TECHNOLOGY

Drilling

0il and gas wells that were drilled and abandoned prior to
1930 are probably not much deeper than 3,000 to 4,000 feet
(Meers, 1985), (Hellinghausen, 1985), and (Smith, 1981). Data on
these early wells is usually difficult to impossible to locate.

Prior to the early 1930's, much of the drilling for oil and
gas production utilized cable tools and rotary rigs which were
crude compared to today's equipment. The advent of World war II
spurred efforts to improve drilling technology. Improvements in
materials and computerization have contributed to the development
of the sophisticated rotary rigs and drill bits which are
available today. With the advances in drilling equipment, well
depths have increased significantly so that depths exceeding
25,000 feet can be achieved today.



rig development, mud technology
o a science. In contrast to cable tool

drilling which did not employ drilling fluid systems (Davis, 1985
personal communication), rotary drilling requires drilling fluid
to remove cuttings from the hole, to control pressure surges, to
promote borehole stability, and to cool and lubricate the bit.

In the early days of rotary drilling, drilling £fluid was mostly
water which when mixed with drill cuttings, resulted in "drilling
mud" (Smith, 1985). Most early wells drilled by rotary
techniques are therefore considered to have been drilled with
"native muds" derived from the clay formations penetrated by the’

drill bit. Water had to be continually added to thin native
t for these drilling muds probably
1986), (Davis, 1985),

Coincidentally with rotary

progressed from an art t

muds, and the minimum weigh
was not less than 9 pounds per gallon (Cox,
and (Marr, 1985). During the 1930's, bentonite and barite
additives were first used to improve mud stability and increase
mud weight for improved pressure control (Smith, 1985) and (Marr,
1985). Since that time, numerous service companies and research
facilities have been established to provide personnel and
technology necessary to control mud propérties during a drilling

operation. These properties include but are not limited to

viscosity, gel strength, mud weight, and stability.

Plugging and Abandonment

Little thought was given to well abandonment in the early
days of oil well drilling and production. Undoubtedly, many
early wells which proved to be dry holes or which produced for a
time before becoming inactive, were simply abandoned without any
special closure procedures, either out of being unaware of any
possible adverse environmental consequences of such actions, out
of negligence, or out of being unwilling or unable to spend the
necessary funds for plugging. Rotary drilled "dry holes" can be
safely assumed to have been left full of mud as a minimum
condition, because such wells are drilled, logged, and tested




with mud in the wellbore, and there would be no economic reason

to evacuate the hole of drilling mud prior to abandonment.

Regarding abandonment of producing wells without £illing the

casing with mud, the Texas Water Commission and its predecessors
have consistently not permitted waste disposal well completions
in areas of a formation known to produce oil or gas. It is

therefore unlikely that an inadequately plugged production well
will lie within the area of influence of a permitted waste

disposal well.

Some early attempts at plugging wells involved only driving

a wooden plug into the well casing head. Over the years,

abandoned wells have commonly had all sorts of unwanted

debris thrown into the open well casings. The materials
discarded into abandoned wells commonly included drilling

site debris, scrap lumber, and metallic junk including

broken tools. The modern practice of filling an abandoned well
with mud and spotting cement plugs in the welil has developed to
meet the objective of confining all native fluids to the
formations in which they were encountered. In leaving the
wellbore full of mud, however, probably very little consideration
has been given to possible circumstances such as (1) partial mud
loss to "lost circulation" or "thief" zones in the subsurface, or
(2) decrease in mud column height from removal of casing for
salvage. Consequently, calculations of mud hydrostatic head in
an abandoned well should take into account the possibility of
incomplete filling of the hole from known lost circulation zones
or other circumstances documented in records of the well.

The State of Texas has recognized the need for proper
plugging of abandoned wells since 1899 (House Bill 542, 1899).
The 1899 legislation calling for plugging of abandoned wells,
however, did not designate to a particular branch of state
government the regulatory and enforcement authority of this law.



In 1919, Senate Bill 350 gave the Railroad Commission of Texas

(RRC) regulatory responsibility for proper well plugging.

Current plugging regulations are detailed in Rule 14 of the Texas
Railroad Commission, which was‘ﬁdopted on January 1,
14 requires that abandoned wells be properly plugged with a
specified combination of cement plugs and mud-laden fluid
weighing at least 9.5 pounds per gallon, to confine oil, gas, or
water to the strata in which they naturally occur. Rule 14 also
requires that a well operator notify the Railroad Commission and
all offset landowners and well operators of the intent to plug.
Under Rule 14, the Railroad Commission reviews plugging plans for
adequacy, requiring modifications to the plans as necessary to
protect reserves of oil, gas, and water. According to Rule 14,

plugging must commence in a well within one year of the end of
Extensions of the maximum

1967. Rule

drilling or production operations.
time period before commencing plugging operations may be granted
by the Railroad Commission, provided that there is no pollution
hazard, and provided there is adequate financial assurance in
glace to pay for well plugging without the expenditure of State
funds. Noncompliance with Railroad Commission plugging rules
subjects well operators to both civil and administrative fines.
To remedy the problem of specific improperly abandoned wells in
cases where the operator is unknown or financially insolvent, the
Railroad Commission also administers a program which has plugged
approximately 1400 such wells since 1965, using state funds.

MUD GEL STRENGTH

Most wells drilled for oil and gas use water-based drilling
fluids which contain the native earth solids and rock cuttings
acquired while drilling, and commercially available drilling mud
additives. When a mud mix is allowed to remain qguiescent for a
period of time, a gel develops. Laboratory data aéquired over
relatively short intervals indicates that gel strength increases



Until the gel structure is broken, the mud will not

pe displaced. The pressure increase required to displace gelled

can be significantly large and will often be a major factor
a waste disposal formation.

with time.

mud
in controlling £luid flow from

ic flow of clay suspensions is well known. Gel

1938) indicates the
st, and then gradually
The reaction time

The plast
strength data presented by (Garrison,

strengths increase more rapidly at fir
approach a constant value as time passes.

follows a rather simple equation:

S = S'Kt
1 + Kt
where S' = gel strength after a long time
K = rate constant
t = time
S = gel strength at t

The equation may be rearranged so that a linear relationship

exists between t/S and time.

The relationship can be expressed in the following egquation:

-+

=1

£ t
s 'K s

n

Based on limited data, drilling mud gel strengths ranging
from 25 to 120 pounds per 100 square feet have been noted
(Barker, 1981). When evaluating the effect of a mug plug on
confining fluids in a reservoir, the most conservative value (or
lowest gel strength) should be used to avoid.an over optimistic
estimate of the mud displacement pressure.



In addition to the pressure required to overcome the
hydrostatic head of the borehold mud, the pressure necessary to
displace the mud plug varies directly with the gel strength and
well depth and inversely with borehole diameter (Barker, 1981) as

follows:

P = 0.00333 (Gs)(h)

D
where GS = gel strength, pounds/100 feet2
h = height of mud column or depth of well, feet
D = hole diameter, inches
P = displacement pressure, psi

Displacement pressures based on gel strengths for hole
diameters of 5, 10, and 15 inches are shown in graph form below:

100 —

Displacement Pressure/1000 F1. Depth, PS|
P

Gel Strang, Lb/Ft°
GS

10
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ndoned wells are generally
te that a mud plug with a

in a 5,000 foot deep well cf
ssure

Gel strengths of mud left in aba
The data cited above indica
£ 25 pounds/100 feet?,
15-inch diameter should be capable of restricting a pre
difference of at jeast 27.75 psi. This is a relatively minor
pressure restriction which should be regarded as a safety factor
en developing operating parameters that
would be acceptable for an injection well. It should be noted
that drilling muds with high gel strengths (exceeding 100
pounds/lOOftz) would have a significant displacement pressure in

abandoned wells 5000 feet oI more in depth.

unknown.
gel strength ©

and not considered wh

NATURAL BOREHOLE CLOSURE

c factors such as sediment consolidation

Geologi
(cementation) and mineralogy are major determinants of the
probability of natural borehole closure. These geologic factors
Older

are found to vary geographically throughout the State.
sediments characteristic of West Texas are generally more
consolidated, and uncased wellbores in that area are less prone
to seal over by caving or sloughing of the wellbore walls (Marr,
1985), (Meers, 1985), (Johnson, 1985), (Davis, 1983), and (Kent
and Bentley, 1985). Abandoned wells have been reentered and
cleaned out for reuse after many years of dormancy in West Texas
by merely washing out the wellbore mud with a drill bit (Marr,

1985).

In contast, the geologically young and unconsolidated
sediments of the Gulf Coast tend to slough and swell, and an
uncased well in that region commonly will sgueeze shut within a
matter of hours. Well bores have closed in while changing bits
or running casing. Drillers sometimes have difficulty in finding

11



and following the original wellbore when reentering and

redrilling abandoned wells and attribute this problem to the

natural healing of the sediments originally penetrated (Meers,

1985) and (Hellinghausen, 1985).

Most of the State's permitted industrial waste disposal

wells are located on the Gulf Coast and in West Texas.

Information gathered from literature and communications from

experienced field personnel confirm the validity of
characterizing these two regions of the State as one where
natural closure of the boreholes probably occurs (Gulf Coast)
versus one where boreholes may be stable and remain open for an

extended time (West Texas).

A major exception to the normal stability of West Texas
boreholes, however, is exhibited in uncased sections of wells
penetrating certain shale formations of Triassic age. This
phenomenon is typical below the base of the surface casing in a
well with the long-string casing absent, because of never having

been installed, or having been pulled from the well for salvage

prior to abandonment. The Triassic formations which contribute

to wellbore instability are generally referred to by drillers as
"red beds." These beds consist largely of water-sensitive clays
which swell and slough in a borehole, causing problems with the
sticking of drill pipe and casing during well construction, and
total hole closure during and after well abandonment.

ANALYSIS OF ARTIFICIAL PENETRATIONS

The 267 wells in Table 1 represent the results of the survey
of Texas Water Commission files to locate all abandoned wells
which (1) penetrate a disposal zone within 2-1/2 miles of an
active waste disposal well, and (2) lack clear documentation of
proper plugging with cement to isolate wastes injected into
strata containing ground water of more than 10,000 mg/l total .

12



ground water of less
This study has attempted

dissolved solids, from strata containing

than 3,000 mg/l total dissolved solids.
67 abandoned wells (Table 1) pose a

to determine if these 2
£ f£luid movement between

lem in being potential avenues ©

prob
evated reservoir pressures resulting from

formations pecause of el
injection operations.
ndoned wells in Table 1 were

gixteen (16) of the 267 aba
Rule 14 by the Railroad

plugged after the 1967 adoption of
and may therefore pe assumed to be plugged

commission of Texas,

in a manner which will prevent interfcrmational transfer of

fluids. Rule 14 standardized plugging procedures in all Railroad
commission districts in Texas, many of which procedures had long
peen required at the discretion of the various district
supervisors. Implementation of Rule 14 also insured that
abandoned wells are plugged within one year following the
cessation of drilling or production cperations, unless the
tension of this time period

Railroad Commission has granted an ex
conditioned upon there being no pollution hazard and no risk of

state funds for plugging the well.

of the 251 wells in Table 1 which were abandoned prior tgi
the adoption of Railroad Commission Rule 14, 238 are shown by
available records to be Gulf Coast wells without long-string

casing. Uncased wells in the Gulf Coast region are not
considered to se a problem to waste dis W

because of the high probability of natural borehole closure,
which is a property of the unconsolidated sediments

characteristic of that region of the State.

The remaining 13 wells in Table 1 which were abandoned prior
to adoption of Rule 14 are assumed to have boreholes intact by
reason of (1) full hole casing, or (2) consolidated host

13



sediments.

In regions such as West Texas, which are

characterized by hard consolidated sediments, it has been
determined that boreholes may remain open for several decades

without casing.

Each of these remaining 13 abandoned wells in

Table 1 has been evaluated in the waste disposal well permitting
process_to confirm that the pressure bujld-up at the abandoned

well, resulting from injection into the nearby waste disposal

well, will be less than the hydrostatic

r

gallon mud filling the abandoned well.

Additional factors which may add significantly to the safety
of mud plugs in abandoned wells where documentation of the proper

cement plugs is lacking include the following:

(1)

(2)

(3)

Whereas Railroad Commission Rule 14 represented
primarily a refinement and standardization of existing
plugging practices, many wells which were abandoned
before 1967 were properly r.-ugged with cement, even if
full documentation is lacking. The problem of
inadequate documentation for abandoned wells includes
circumstances ranging from failure to file the proper
well records, to administrative problems in processing
and storing records. Indeed, many instances of
inadequate documentation are the result of well records
having been rendered illegible by photocopying and
microfilm reduction. |

Because of the limitation of early drilling technolbgy,
many wells drilled prior to 1930 will not penetrate to
depths of modern waste disposal well injection zones.

Mud gel strength increases the pressure required to

displace the hydrostatic column of wellbore mud from an
abandoned well.

14
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(4)

Triassic "red beds" in West Texas exhibit the property
of natural borehole closure in uncased intervals of a
well. It is therefore a possibility that an abandoned
well with incomplete documentation in West Texas will
be naturally sealed if the well was left with no casing

through an interval of "red beds."

15
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CONCLUSIONS

1

Wells that were abandoned during the period 1919-1967 may be
properly plugged even if documentation is lacking, and there
is a very high probability that all wells abandoned after

1967 are properly plugged.

Abandoned uncased wells in the Gulf Coast region of Texas
and in Triassic "red beds" of West Texas rapidly undergo

borehole closure by the natural processes of unstable

formations.

Abandoned uncased wells in consolidated hard rocks may
remain open and stable over time ranging from years to

several decades.

In the absence of cement plugs in an abandoned well near
injection operations, the wellbore mud will resist vertical
fluid movement to the degree to which the sum of the mud
hydrostatic head, mud gel strength, and borehole
restrictions exceed the formation pressure of the injection

zone.

Mud company lab data indicate that mud gel strength
increases with time and temperature. In the general absence
of mud gel strength data for abandoned wells, a minimum gel
strength of 25 1b/100 ftz can be conservatively assumed.

Calculations of mud hydrostatic head in an abandoned well
should take into account the possiblity of incomplete
filling of the hole due to known lost circulation zones, or
other circumstances documented in the operating records of
the well.

16



n of the Commission's waste disposal well files has

7. A searc
at were

jdentified 267 abandoned wells (Table 1) th

considered to be incompletely plugged or of uncertain

because cement plugs could not be
documented between the injection zone (with groundwater of
10,000 mg/l or greater, total dissolved solids) and the base
of fresh to slightly-saline ground water (3,000 mg/l or
less, total dissolved solids). These 267 abandoned wells
are distributed between 18 of the 53 active industrial or
commercial waste disposal well operations (sites) in Texas.
None of these abandoned wells are considered to pose a

problem of jnterformational fluid flow.

plugging status,

RECOMMENDATIONS

conditional upon available funding, a second phase of study
should be carried out consisting of laboratory and field
investigations to verify the conclusions of this initial phase of
the study. The laboratory study should determine the effect of
temperature, time, pressure, and composition on mud gel strength.
The field investigations should consist of re-entering selected
mud-filled abandoned wells in the Gulf Coast and West Texas
regions to determine mud conditions and to look for evidence of
fluid movement up the wellbore. Finally, this proposed second
phase of work should include the drilling of test holes in the
immediate vicinity of selected abandoned wells for the puipose of

reservoir pressure monitoring.

17
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DATA BASES

COMPENDEX

1970-present, 1,415,000 records, monthly updates
(Engineering Information, Inc., New York, NY).

The COMPENDEX data base is the machine readable version of
the Engineering Index (Monthly/Annual), which provides
abstracted information from the world's significant
engineering and technological literature. The COMPENDEX
data base provides worldwide coverage of approximately 3500
journals and selected government reports and books.

GEOREF

1919-present (North American material), 1967-present
(worldwide material), 1,005,000 records, monthly updates

(American Geological Institute, Falls Church, VA).

GEOREF provides comprehensive access to more than 4,500
international journals, plus books, conference papers,
government publications, dissertations, theses, and maps
concerned with all aspects of geology, geochemistry,
geophysics, mineralogy, paleontology, petrology, and
seismology. Approximately 40% of the indexed publications
originate in the U.S. and the remainder from outside the
U.S. Publications of international organizations make up
about 7% of GEOREF.
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NGWIC DATA BASE

NTIS

Computerized bibliographic ground water data base featuring

nearly 50,000 documents, indexed by more than 700
hydrogeologic descriptions and virtually any relevant
aquifer geographic, chemical, biologic, and reference term.
The National Ground Water Information Center (NGWIC) 1s
funded in part by the U.S. EPA and is managed by the
National Water Well Associaiton (NWWA). The NGWIC DATA BASE
has recently changed its name and address to GROUND WATER
ON-LINE, NGWIC, 6375 Riverside Drive, Dublin, Ohio 43017.

1964-present, 1,122,000 records, biweekly updates (National
Technical Information Service, NTIS, U.S. Department of

commerce, Springfield, VA).

The NTIS data base consists of government-sponsored
research, development, and engineering, plus analyses
prepared by federal agencies, their contractors or grantees.
It is the means through which unclassified, publicly
available, unlimited distribution reports are made available
for sale from such agencies as NASA, DDC, DOE, HHS (formerly
HEW), HUD, DOT, Department of Commerce, and some 240 other
units. State and local government agencies are now
beginning to contribute their reports to the file.

The NTIS data base includes material from both the hard and
soft sciences, including substantial material on
technological applications, business procedures, and
regulatory matters. Many topics of immediate broad interest
are included, such as environmental pollution and control,
energy conversion, technology transfer, behavior/societal
problems, urban and regional planning.
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WATER RESOURCES ABSTRACTS

1968-present, 176,000 records, monthly updates (U.S. Dept.
of the Interior, Washington, D.C.).

WATER RESOURCES ABSTRACTS is prepared from materials
collected by over 50 water research centers and institutes

in the United States. The file covers a wide range of water

resource topics. including water resource economics, ground
and surface water hydrology, metropolitan water resources
planning and management, and water-related aspects of
nuclear radiation and safety. The collection is
particularly strong in the literature on water planning
(demand, economics, cost allocations), water cycle
(precipitation, snow, ground water, lakes, erosion, etc.),
and water quality (pollution, waste treatment).

WRA covers predominantly English-language materials and
includes monographs, journal articles, reports, patents, and

conference proceedings.
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EXPLANATION

— : : : : @ Denotes areas of review for mudfiiled aban-

: I doned wells which penetrate disposal zones of
waste disposal wells. (Areas are shown indinidu-
ally in Figures 2 through 28.)
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Figure 1--Index map to data in this report
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EXPLANATION
’ Waste disposal well
0 2000 4000 6000 Feet Q Mud-filled obandoned weil which penetrotes
1 ! ! J waste disposal zone

Figure 2--Area of review for CECOS International waste disposal well,
Odessa Facility, Ector County
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Figure 3--Area of review for Celanese Chemical Co. waste disposal wells,
Bay City Plant, Matagorda County ‘
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Figure 4--Area of review for Celanese Chemical Co. waste disposal wells,
Bishop Plant, Nueces County
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Figure 5--Area of review for Celanese Chemical Co. waste disposal wells,
Clear Lake Plant, Harris County
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Figure 6--Area of review for Chemical Waste Management waste disposal well,
Corpus Christi Plant, Nueces County



To Corpus Christi

Mc Kenzie Road

Highway 44

\

EXPLANATION
’ Waste disposal well
0 2000 4000 6000 Feet O Mud-filled abandoned well which penetrotes
L | | J waste disposal zone

Figure 7--Area of review for Corpus Christi Petrochemical Co. waste disposal wells,
Robstown Plant, Nueces County
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eview for E. |. Dupont de Nemours & Co. waste disposal wells,

Figufe 9--Area of r
Corpus Christi Plant, San Patricio County
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Figure 10--Area of review for E. |. Dupont de Nemours & Co. waste disposal wells,
La Porte Plant, Harris County
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Figure 11--Area of review for E. . Dupont de Nemours & Co. waste disposal wells,
Sabine River Works, Orange County
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Figure 12--Area of review for E. I. Dupont de Nemours & Co. waste disposal wells,
Victoria Plant, Victoria County
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Figure 13--Area of review for Everest Minerals Corp. waste disposal well,
Hobson Mine, Karnes County
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Figure 14--Area of review for GAF Corp. waste disposal wells,
Texas City Plant, Galveston County
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Figure 17--Area of review for IEC Corp. waste disposal wells,

Lamprecht and Zamzow Mines, Live Oak County
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Channelview Plant, Harris County
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Figure 19--Area of review for Mobil Oil Corp. waste disposal wells,
Holiday/El Mesquite Mine, Webb County
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EXPLANATION
’ Waste disposal well
0 2000 4000 6000 Feet O Mud-filled abandoned well which penetrates
| [ § waste disposal zone

Figure 20--Area of review for Monsanto Chemical Co. waste disposal wells,
Chocolate Bayou Plant, Brazoria County
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EXPLANATION

,’ Waste disposal well

0 2000 4000 6000 Feet O Mud-filled abandoned well which penetro
L 1 | ) waste disposal zone

Figure 21--Area of review for Penwalt Corp. waste disposal well,
Crosby Plant, Harris County

89




y

Duval County

wDW-195

L ol
c
3
o
(&)
o
2
=z

EXPLANATION

’ Waste disposal well
O Mud-filled abandoned well which penetrotes

2000 4000 6000 Feet
waste disposal zone

0
] J

L ]

AFigure 22--Area of Review for Tenneco Uranium, Inc. waste disposal well,
West Cole Mine, Duval and Webb Counties
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Figure 24--Area of review for U. S. Steel Corp. waste disposal wells,
George West Sites, Live Oak County
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Figure 25--Area of review for Vistron Corp. waste disposal wells,
Port Lavaca Plant, Calhoun County
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Figure 26--Area of review for Wastewater, inc. waste disposal well,
Guy Facility, Brazoria, Fort Bend, and Wharton Counties
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Figure 28--Area of review for Witco Chemical Co. waste disposal wells,
Almeda Road Plant, Brazoria, Fort Bend, and Harris Counties
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h-Temperature Flow Properties of

Annis, Max R., August, 1967, Hig
. Water-Base Drilling Fluids: Journal of Petroleum Technology

1074-1080.

SUMMARY :

2 study of mud rheology and gel properties was conducted in the
laboratory to investigate the effects of time, temperature and mud
composition. Included in the results was some data on gel strengths
which should be applicable to a mud column in an abandoned well.

Investigation of a quiescent bentonite mud revegled that gel
i strength increased with time and temperature. On a given system the
| mud becomes more non-~Newtonian with temperature. Gel strengths
! based on the breakdown of a gel increases indefinitely with time.
As the bentonite concentrations are increased, gel strength and
viscosity also increased. Gel strengths, and viscosity, are
influenced in an unpredictable manner by the t of m
electrolyte additives. tion of sodium hydroxide, for instance,
7s a common deflocculant which lowers both gel strength and
viscosity. Gel strengths of muds are controlled in part by
electrical forces between particles and in part by mechanical
interaction between particles (the more particles, the more
interference between particles).

Under reservoir conditions much_greater time is involved, and
fluids from the mud are lost to the formation. Both of these

factors would tend to increase the gel strength of the mud remaining
in an abandoned well. Use of the more conservative gel strengths

observed in the laboratory should insure that gel strengths assumed
for reservoir conditions are overly conservative. It appears that a
gel strength of 20 to 25 pounds per 100 square feet could be safely

assumed.

CONCLUSIONS:

1. Mud gel strengths increase indefinitely with time

2. Mud gel strengths increase with temperature

3. Gel strengths are influenced in an unpredictable manner by
the mud and electrolyte additives.

4. Addition of sodium hydroxide is a common deflocculant which
lower both gel strength and viscosity

5. nud gel strengths observed in the laboratory would probably
increase under reservoir conditions due to the greater time
involved and fluid loss to the formation.
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Steven E., 1981, Determining the Area of Review for

Barker, University of Texas

Hazardous Waste Disposal ‘Wells: M.S. Thesis,
at Austin.

SUMMARY:

The ultimate gel strength of mud under bore hole conditions
bears no direct relationship to the standard gel strength tests
conducted on drilling fluids. Following abandonment of a well the
mud in the bore hole is subjected to conditions that differ
significantly from surface conditions. At formation depths
encountered for disposal of hazardous wastes temperatures range froi
80 to 300°F, pressures range from 400 to 5,000 psig and residence

times generally exceed 5 years.

water based muds commonly used, develop high gel strengths
after prolonged periocds of quiescence. The gel strengths attained
vary widely depending on ch cal and physical properties.
Information presented in this paper indicates that gel strengths do
not follow any well established prediction of long term gel
strengths with time. In all cases observed gel strengths increased
with time. Garrison (Barker p. 95) in a study of California
bentonites revealed that gel strengths £follow a generalized
mathematical relationship with constants that vary with the cher
and physical characteristics of the drilling fluids.

The pressure necessary to break the gel strength of a static m
column varies directly with the gel strength and column heights and

inversely with the hole diameter.

Oil base muds lack gel strength and wells drilled with this £l
should be evaluated by an alternate procedure.

CONCLUSIONS:

The following conclusions were drawn from the portion of the p«
dealing with the gel strength investigation:

1. Qel strengths of muds which remain undisturbed in wells dc¢
increase with time.

2. Information presented in this paper indicates
: gel strengt!
ign:etiimdo not follow any well defined prediction overga

3. A study of Ccalifornia bentonites r
evealed tha
:;izgg:gs i:g be described by a generalized m:tg:éatic
; w constants t i i
Physical propecoroct hat vary with chemical and
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4. A gel strength of 20 1b/100 ftz represents the minimum
value that would be expected to be encountered when
evaluating abandoned wells drilled with water base

drilling fluids.

5. The pressure required to break the gel strength of a
static mud column varies directly with the gel strength
and column height and inversely with the hole diameter.
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cox, William, February 26, 1986, Personal Communication:
0il Co., Houston, Texas.

SUMMARY :

william Cox described his years of experience in drilling we
for Exxon as an independent oil operator. Much of Cox's work
included drilling on the flanks of gulf coast salt domes and in
shallow sands overlying the salt domes. Cox explained the comm
problem of bit deflection toward the salt stock when drilling 1i:
the steeply upwarped strata on the flank of a salt dome. Use ¢
extra drill collars and very slow penetration rates are required
obtain a straight hole in this situation. Cox indicated that m
of the wells in his experience were dilled with "native mud"
consisting of just water and drill cuttings. This native mud
invariably exceeded 9 pounds per gallon, and frequently had to
thinned by addition of more water to the hole.

CONCLUSION:

Native drilling muds in abandoned wellbores drilled by rot:
rigs, exceed 9 pounds per gallon.
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Address to U.S. Environmental

j n E., November 12, 1985,
D e s Workshop, Atlanta.

Protection Agency Region IVf Mud-in-Annulu

SUMMARY :

The maximum reservoir pressure that mud in a well will
withstand before interformational fluid flow will occur, is egual to
the combined resistive effects of the mud column hydrostatic weight,
and the gel strength of the mud. The minimum gel strength of
drilling mud in a well is a direct function of both the initial gel
strength of the mud as determined by laboratory tests,‘and the
length of the mud-filled interval, and an inverse function of the

diameter of the well.

Most of the information needed to evaluate the ability of mud
in a well to prevent interformational fluid flow, may be obtained
from operator's well records, drilling and plugging reports, well
log headings, and mud company records. In the absence of mud data
specific for a well in question, a mud density of 9.5 pounds/gallon,
and an initial mud gel strength of 25 pounds/100 feet™ may be used
for conservatively evaluations.

Once reservoir pressures attain a level sufficient to initiate
interformational fluid flow through a mud-filled interval of a well,
the channels created in the mud may not readily heal when the mud is

returned to static conditions.

Besides considerations of mud column hydrostatic weight and mud gel
strengths, other factors which may prevent interformational fluid
flow in wells are, (a) the hydration swelling of water sensitive
clay strata, (b) sloughing or caving of unconsolidated sand strata,
and (c) low permeability plugs formed from the settling of native
muds or barite-weighted muds, and from the hardening of lime or

gypsum-based muds.

CONCLUSIONS:

1. A mud-filled interval of a well will prevent interformatiocnal
flu;@ flow, provided that reservoir pressures do not exceed the
combined resistive effects of the mud column hydrostatic

weight, and the gel strength of the mud.
2. A mud density of 9.5 pounds/gillon and an initial mud gel
strength of 25 pounds/100 feet“ may be used for conservative

evaluations of abandoned wells for which s i !
not available. pecific mud data is

3. Mud gel strength generally increases with time and temperature.
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Once gel strength of a mud has been exceeded by excessive
the channels created in the mud may not

reservoir pressures,
readily heal when the mud is returned to static conditions.

Natural wellbore instability, and settling or-hardening of some
types of drilling muds may prevent interformational fluid flow

within wells.
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ntamination and Legal Controls in

Ground-wWater Co
y Water Supply Paper 1691.

peutsch, M., 1963,
Geological Surve

Michigan: U.S.

SUMMARY:

concerning abandoned wells, Deutsch reported that vertical
jeakage of highly mineralized water through unplugged wells or test
porings has caused extensive contamination of fresh water supplies
over the last 100 years in Michigan. 1In instances where wells were
not cased, as is common in hard bedrock formations, interformational
flow of waters has occurred in response to the artesian pressures
under which they were confined. In 1939, in Kent County, Michigan,
it was concluded that a number of oil wells and test holes drilled
petween 1935 and 1937 at a location about 1/2 mile upgradient from
water supply wells, had communicated high-chloride water from deep

formations into the local fresh-water aguifer.

contamination of drinking water by way of unplugged wells has
also occurred in areas of the Saginaw Lowland in Michigan. Here,
numerous cased wells were corroded by native formation brines, and
t+he brines entered the agquifer used for drinking water supplies.

CONCLUSIONS:

1. Vertical leakage of highly mineralized waters through unplugged
wells or test borings, in response to artesian pressures under
which they have been confined, has caused extensive
contamination of fresh-water supplies over the last 100 vears

in Michigan.

2. Brine contamination of fresh-water aquifers by way of unplugged
wells and test borings has been documented for uncased holes
and for wells with corroded casing.
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, George R., and Darley, H.C.H., 1981, Composition and

Grggoperties of 0il Well Drilling Fluids: Gulf Publishing Company,

Houston, Texas

SUMMARY

The book on drilling fluids by Gray and Darley deals _primarily
with oil and gas well drilling. Some parts of the book might also

be applicable to mud plugging of abandoned wells.

In their chapter on rheology of drilling fluids, datg on
gquiescent muds are presented that indicate mud gel srenqt;hs increase
with time. Empirical data has been fitted to an equation which
increases linearly with time. Extrapolation of this data suggests
that gel strength would increase indefinitely with time. However,
the increase in gel strength noted after an extended time span would

be insignificant.

Limited data presented by Gray and Darley also indicate that
gel strength increases as the temperature is increased. Trends for
the initial gel and 30 minute gel strengths demonstrate this
property (Gray and Darley, p. 232). The explanation for this
phenomenon is that high temperatures increase the interparticle
attractive forces, so that the gel strength is increased

accordingly.

The effects of temperature and time in increasing gel strength
of muds are significant during drilling operations, when mud
circulation is interrupted in the lower portions of the hole while
making at trip out of the hole. The gel strength of this
undisturbed (uncirculated) mud must be exceeded by the mud pump
pressure in order to reestablish mud circulation and resume
drilling. When lime-based muds have been used, semi-solid
cement-like masses have been noted which are difficult to move.
Extrapolating laboratory properties to wellbore conditions in
abandoned wells would postulate that gelled or solidified muds aid
in confining fluids in over-pressured reservoirs.

Humble Oil and Refining Company (now Exxon) experienced
unexpected blowouts while drilling in the Conroe Field. The
blowouts occurred while withdrawing drill pipe from the hole,
althouql} the mudweight was more than adequate to suppress the
reservolir pressure. Investigation revealed the gel strength of the
mud had increased in the well to the point that the gelled mud clung
::lig:rglpe and swabbed the well, allowing gas and oil to invade the

coverTg"‘.‘gh conditions in abandoned wells were not specifically
abandgn é‘n Gray's and Darley's book, it is evident that muds in an
and filf-.r :el]i are subject to long time spans, high temperatures,
strengeh ate Jlosses. Since all these factors tend to increase gel
gth, the lab gel Strengths reported should be conservative
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rength in an abandoned well. Therefore, use
to 25 pounds per 100 square
pability of a mud

estimates of mud gel st
of a conservative gel strength of 20 =
feet, would ensure that the pressure-retaining ca

gel is not overestimated.

CONCLUSIONS
1. Mud gel strength increase indefinitely with time.

2. Mud gel strength increase with temperature.

_ 3. Mud gel strengths observed in the laboratory should be

! lower than those present in the reservoir. Therefore,

| assuming a gel strength of 20 to 25 pounds per 100 square
! feet, as observed in the laboratory, should be conservative

for use in the field.
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Hellinghausen, Jack, November 14, 1985, Personal Communication:
Atlantic-Richfield Co., Dallas, Texas.

SUMMARY:
This discussion with Hellinghausen was primarily concerned with
older wells drilled and abandoned in the 1920's and 1930's.

Information concerning gel strength on native muds used in that era
is practically nonexistent but he thought the gel strength was low.

Wells drilled during the 1920's generally ranged from 500 to
1000 feet. A 2500 foot depth was considered toc be relatively deep.
During the 1930's a well could readily be drilled from 3000 to 4000
feet with an occasional well as deep as 6000 feet. Plugging an
abandoned well was usually accomplished by dumping about 25 sacks of
cement down the annulus or pumping some cement down to the packer.
Cement "plugs" placed in the well mixed with the mud and most
probably were ineffective plugs. Wells drilled with the cable tool
are dry open holes that could be sealed by dropping cement in the

"hole with a bailer.

Some of the old wells that were drilled and abandoned have mud
plugs that have set up and become more dense than the surrounding
formations. Drill bits have been sidetracked when drilling out the
©.d holes. Alsc holes that were drilled at that time were crooked,
as only short drill collars were available which allowed the hole to
drift. It was also mentioned that during abandonment of some of
these old wells all the junk from the drill site was dumped in the

well bores which would make drilling out of these holes more
difficult.

CONCLUSIONS

l. Gel strengths of native muds left in wells of the 1920's and

1930's were unknown

2. Wells drilled in the 1920's averaged about 1000 feet in depth
with a maximum of about 2500 feet. Wells drilled in the 1930's
generally ranged from 3000 to 4000 feet in depth with a maximum

depth of about 6000 feet.

3. Plugging of wells during that time generally consisted of a 25
sack cement plug dropped in the annulus or pumped to the
packer. As a result these plugs were probably mixed with the

mud rendering them ineffective.

4. Mud plﬁfs t%?t have setup and become more dense than the
surrounding formation have been enco 111j
i eerting fo untered when drilling out
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5. puring abandonment of many old wells junk from the surrounding
drill site was dumped in the well bores. ‘
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and Istvan, John, January 9, 1986, Personal

Jeffery, David,

Communication: PB

SUMMARY:
pavid Jeffery and John Istvan were interviewed during a visit
puring a discussion of mud

to the agency on other business.
the most important property of &

properties both individuals agreed
n abandoned well is the weight, or

mud to control pressure in a : .
density, of the mud. Gel strength makes a small contribution
in the borehole and should be regardec

towards controlling pressure ul .
only as safety factor in their opinion. Muds containing bentonite

are relatively stable gels when quiescent and do not setup or
solidify. As a consequence they would be expected to be displaced

from an unplugged open well if the hydraulic head and the gel
strength were exceeded by the reservoir pressure. Lime base muds
used prior to bentonite additives tend to solidify blocking the wel

bore against fluid flow.

: In a discussion concerning abandoned wells located on theGulf
Coast it is believed that abandoned open hole wellbores heal over
due to the relatively unconsolidated formations. However, if casin
is left in the hole a channel is provided for £fluids to migrate
between permeable zones or to the surface In West Texas hard =~ -~k
country the boreholes of abandoned wells tend to remain unchar

for sometime. In some areas the Red Bed clays tend to close Oir
wellbores within a few days and some cases in a few hours.

Wells drilled before the mid-thirties most probably do not
ex;ee@ 3000 to 3500 feet depth due to the limitations of the
drilling equipment. These wells were generally too shallow to
penetrate permeable zones that might be considered for a waste
injection zone. While discussing this issue it was suggested that
depth of at least 2500 feet (3500 feet would be preferable) should
be required for a waste disposal zone. Any reservoir considered
should be evaluated on its own merits.

Reentry of abandoned wells in the Gulf Coast area has disclose
that open wellbo;:es have healed over sufficiently to prevent
migration of fluids between formations. In one case the old
wellbore could‘no§ be followed. In another case mud appeared on th
shaker screen indicating the hole was being followed, however, the
hole had healed over so that fluid migration would be prevented.

CONCLUSIONS:

l. Mud weight, or density, is the mo i
' . st important property of
mud to control migration of fluid in wellbore.

2. gzl s:;ength makes a small contribution to controi fi
gration and should be regarded as a small safety factor.
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Abandoned wells in unconsolidated formations of the Gulf
Coast will probably heal over thereby preventing fluid

migration.

Abandoned well bores in West Texas are more likely to
remain intact where Red Bed clays are known to exist, these

wellbores may be closed.

Any casing left in an abandoned well can provide a channel
for migration of fluids to ground water zone or to the

surface.
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Johnson, R.L., November 19, 1985, Personal Communication: Amoco
Production Company (USA), Houston, Texas.

SUMMARY :

Johnson described his experience in reentering wells fpr a
waterflood project near Wichita Falls. 1In general, the mud in the
reentered holes was found to have thickened to a gel strength
that of the original mud conditions. However, no

ater than ever,
oy found that such thickened muds ever solidified

evidence was
completely.

Johnson also supervised the 1983 reentering and plugging of an
abandoned well located near the Amoco industrial waste disposal well
site in Texas City. This well had originally been drilled and

Amoco was able to follow the original borehole,

abandoned in 1944.
using a bit to wash the old mud from the hole to total depth. The

old mud appeared to have thickened over 40 years, and there was no
evidence of fluid flow through the borehole during this period of

time.

Bridging of the unconsolidated or water-sensitive sediments in
the borehole wall may completely seal a well. Johnson cited the
commonplace difficulty of getting tools and casing strings downho
in the Gulf Coast region due to natural borehole sealing.

Johnson further indicated that even when reservoir pressures
are sufficient to displace the hydrostatic weight of borehole mud,
the buildup of impermeable mud filter cake on the borehole wall may
retard or prevent interformational flow of fluids. ‘

Johnson stressed that no plugging and abandonment technigue is
absolgtely failsafe. Even cement plugs may be ineffective in
plugging a well if they are not set properly and confirmed by

tagging.
CONCLUSIONS:

1. Experiences in reentering abandoned wells have found the
borehole mud to have thickened over time, but not to have

solidified.

2. Difficulty in gunning tools and casing strings into newly
drll;ed wells indicates a tendency for natural borehole
sealing in Gulf Coast-type unconsolidated sediments.

3. The build-up of impermeable mud filter cake on borehole

wal;s may retard or prevent interformational flow of
fluids.
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4. No plugging and abandonment technique 1is absolutely
failsafe. Care should be taken to confirm that mud and
cement have been properly placed in an abandoned well.
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Johnston, ©.C. and Greene, C.J., 1973, Investigation of Artificial
Penetrations in the Vicinity of Subsurface Disposal Wells -
Technical Report: Texas Department of Water Resources.

SUMMARY:

In considering permit applications for waste disposal wells,
artificial penetrations should be evaluated by reviewing completic
and plugging records in the subject area, to identify improperly
plugged wells. The pressure increase caused by the proposed
injection program should be calculated for each potential problen
well, using estimated values for transmissibity and storage in th
nonequilibrium formula developed by Theis (1935). Generally, a we
that has been properly completed or abandoned is one where
interformational fluid transfer does not occur, or will not occur
a result of changes in reservoir pressure.

Due ‘to the plastic nature of most Tertiary shales, abandonec
well bores probably do not remain open for long periods of time.
However, for technical evaluations in conjunction with waste
disposal well permitting, uncased boreholes are assumed to remair
open and full of drilling mud. In the west and north-central rar
of Texas, a wellbore or an uncemented annulus may remain open
indefinite periods of time, and often drilling fluids and cemei.
not be in the wellbore or annulus because of lost circulation zone:

Whe;e_calculated reservoir pressures resulting from injectio
are sufficient to overcome the resistive effect of the hydrostati:
pressure of mud in an improperly completed or abandoned well, the
well should_be reentered and properly plugged, or a reservoir
pressure monitor well should be completed. Operation of a pressur
Tig;;:g :ell will e??ble the pressures within a reservoir to be

© prevent the pos 11i i i
e ke possibility of fluid flow through improperl

CONCLUSIONS:

1. Completion and plugging records of artificial ]

. penetrations ne.
pégpgsed waste disposal wells should be reviewed to determin
whic abandoqed wells require remedial plugging or reservoir
gisfggre monitoring to prevent interformational transfer of

<. ﬁg:gg:gegoweléﬁgres iilled with mud, and wellbore closure by
rma n wa i i1 A
for the Gulf Coast area,lnStAblllty are reasonable conditions



»

north-central Texas, an uncased
porehole or uncemented borehole-casing annulus will stay open
indefinitely, and may not be safely assumed to contain the full
amount of mud or cement indicated by well records.

In many wells in west and
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1985, Pérsonal Communication:

Kent, Robert T., November 20, '
Austin, Texas

Underground Resource Management, Inc.,

SUMMARY:

This discussion with Kent dealt primarily with geologic
variations between geographic regions. Kent was mostly concerned
with whether or not the drilling fluid in the well at closure was

retained in place.

In Gulf Coast wells with no longstring casing the well bores
slough and the shales swell trapping the mud. In this case,
assuming the mud column hydrostatic head based on a mud filled hole,
should be valid. When the hole is cased, a mud filled hole cannot
pe safely assumed, unless a record is available indicating the
presence of mud at closure. Some operators abandoned depleted or
dry wells without bothering to £ill the well with mud. Formation
water from the zone of interest could then enter the open hole and
corrode the casing, to create a channel for fluids to escape to the

surface from a formation outside the casing.

Though west Texas formations are usually competent, thief zones
are common within the production reservoirs in the northern Caprock
areas around Lubbock and Amarillo. Where thief zones occur,
drilling fluids remaining in an open hole below surface casing, r
drain to a level that the hydraulic pressure of the thief zone w

support.

r

Kent indicated that, when documentation exists that an
abandoned wellbcre was filled with mud, and 1lost circulation
problems were not present, assuming the hydraulic head for the full
mud column is justified. Coastal wells and wells in the Odessa area
fall in this category. He warned, however, that in cased holes and
areas where low pressure zones exist, the wellbore may be empty or
par;ially filled with mud. In these cases injection should be
limited to maintain the injection zone pressure below that of the
low pressure lost circulation zones. In spite of these problems,
Kent indicated that injection of liquid wastes into deep wells is a
preggiyed method of disposal under the proper geohydrologic
conditions.

CONCLUSIONS:

1. Assuming a muq hydrostatic head based on a mud-filled column
should be va11§ in uncased Gulf Coast abandoned wells where
unstable formations can bridge over a hole.

2. In cased abandoned wells, a mud column may be absent or reduced
i;g:;flcantly if mud has been removed for production or
ces ing, and was not replaced. Unless records indicate

erwise, it should be assumed that the mud does not
completely £ill the casing in these wells.
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3. In the northe

rn Cap Rock area of west Texas, where low pressure
the drilling fluid and cement may 4rop to the
jevels of thief zones. Injection should pe limited so that
reservoir pressures do not exceed the mud column hydrostatic
head calculated from the depth of the thief zone.

zones exist,
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Kent, Robert T., and Bentley, Michael E., 1985, Rislg Assessxpent of
Deep Well Injection Systems: Second Annual Canadian-American

Conference on Hydrogeclogy, Banff.

SUMMARY:

Concerning injection well failures by upward fluid migration
through artificial penetrations, it should be noted that_ standa;d
cementing practice for the long-string or production casing of oil
or gas wells 1is to cement only the lower 600 to 1,090 ﬁeet of
casing, leaving the borehole-casing annulus full of drilling mud.

Numerous wells around the perimeter of the Barbers Hill salt
Dome at Mont Belview, Texas have uncemented sections of long-string
casing, due to 1lost circulation problems experienced in the
cavernous cap rock penetrated by these wells. This cap rock
comprises an injection reservoir for salt water injection wells at
the Barbers Hill dome. In 1975, several abandoned o0il wells at the
dome began to flow salt water to the ground surface during periods
cf injection operations taking place nearby. It is believed that
waste brine encountering uncemented portions of the long-string
casing in the abandoned wells, may have caused corrosion of the
casing and a consequent flow of brine through the open casing to -

ground surface.

In 1970, an oil well one mile away from a brine injection well
in Scurry County in west Texas, developed a wellhead pressure
adequate to flow salt water to the ground surface. Analyses of the
brine ccllected from the uncemented o0il well annulus indicated a
strong similarity to brine from the nearby injection well. From
records showing the long-string casing of the oil well to be
uncemented th;ough the injection zone, it was hypothesized that
casing corrosion by injected or native brines had allowed the
injected brine to be produced from the oil well.

_ Cases of abandoned wells beginning to flow near injection well
sites have also_ been reported in the 1930's in Michigan, and in
southwest Ontario in the late 1960's. In these hard rock areas, a
large number of wells had been drilled and abandoned by cable tool
methods. Since cable tool drilling does not use drilling fluid,
B:Tib :rfe these wells were Probably abandoned without mud in the

Whereas the noted examples includin
: g cap rocks of salt domes
ag‘éeﬁiiilrg‘*s in west Texas, Michigan, and Ontario, point out the
f,’ A i:“g:f. of upward flow in regions where wellbores stay
dgiliing s an;evsgtuthalt in areas of unconsolidated strata,
: h ra se i :
protection against fluiqd flow,allng of wellbores provide some
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CONCLUSIONS:

s wells constructed by rotary drilling

ard practice for cementing long-string casing
600 to 1,000 feet of casing,
lus full of drilling mud.

1. For oil and ga

techniques, stand
is to cement only the lower

leaving the borehcle casing annu

2. Documented cases from areas of consolidated rocks have shown
that abandoned or producing wells without casing cemented
through an injection zone may produce fluids as a direct result

of nearby injection well operations.

nsolidated strata, drilling mud and natural

3. In areas of unco
provide some protection against fluid

sealing of wellbores may
flow.
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Marr, J.J., November 6, 1985, Personal Communication: Resource

Enginering, Houston, Texas.

SUMMARY:

Marr indicated that mud gel strengths increase with time and
temperature under abandoned well conditions. In fact, some gypsum
and lime base muds solidify so that difficulty is experienced.dgrlng
drilling out of abandoned wells. Both bentonite and gyp additives
tend to exhibit high gel strengths. In areas where formation
materials are swelled by water, sloughing and caving in of the hole
results. The bore hole heals over and the formation approaches
original predrilled conditions. 1In areas where formations are
consolidated the drilled hole remains unchanged.

Formations used for waste disposal along the Gulf Coast are mos
unconsolidated and subject to caving and sloughing discussed above.
Abandoned wells located in West Texas maintain the original diamete:
with time so that a hole may be recovered by merely washing out witl
a drill bit. 1In an inadequately plugged well in this area pressure
control depends on the mud head and gel strength. Abandoned wells
in these areas are more likely to lose fluids when the zone is

overpressured.

Wells drilled prior to World War II used natural mud with no
control of density or viscosity. Many times the natural mud
remaining in the well bore had high densities (up to 15 1lb/gal).
The minimum density of wellbore muds (natural and modern drilling
muds) is considered to be 9 lb/gal. Additives to drilling muds
have resulted in high gel strengths which under well bore conditions
could require a substantial pressure to displace the mud. 1In some
cases the mud has solidified.

CONCLUSIONS:

1. Mud gel strengths increase with time and temperature. Son
gypsum and lime base muds solidify to a stage that hinders
drilling out abandoned wells.

2. Formations generally used for waste dis
posal zones along
the Gu;f Coast tgnd to be unconsclidated and subject to
;éi:g!;ll:;g hand:L caving in of the well bore. As a result the bor
eal over so th i igi
conditiong. e formation may approach original

gérepgfmltions in West Texas are well consolidated so that ~he
COmpletzJ&e ir:;'emuns mé::ct. Inadequately abandoned well:

; a waste Sposal zone cou i
Zone 1is overpressured. P 1d lose fluids when .u
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L 4. Wells abandoned before world war II were drilled with

| natural mud which could result in high density mud (as much as
15 lb/gal).

5. The minimum density of wellbore muds is considered to be 9

lb/gal.
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Meers, R.J., November 7, 1985, Personal Compunicat;cpz Pollution
control & waste Disposal, Inc., Metairie, Loulsilana.

SUMMARY :

Meers stated that mud density is a major factor in controlling
pressures in abandoned wells, and the gel strength would be an addec
benefit. Gel strengths can be significant in wells as illustrated
during the reentry of old wells in Maryland to complete cementing of
the annulus outside the casing. After perforating the casing above
the original cement, the original mud outside the casing was
circulated to the surface. The pressure required to break the gel
was great enough to require a packer above the perforations to
protect the casing. Also in old wells in the Orange Du Pont Plant
in 1977 plugs of gelled mud in the open well bore have been observed
to be more resistant to drilling than the original formation.

Abandoned wells along the Gulf Coast probably are sealed off
due to sloughing of the formation and briding of the hole. For this
reason the Gulf Coast is a good location for a waste disposal well.

In the West Texas area, the formations usually used for waste
disposal are well consolidated and well bore holes remain intac
As a result abandoned wells drilled into these zones would be mc. -
susceptible to losing fluid when overpressured.

Wells drilled prior to 1940 were generally abandoned with

little thought given to proper plugging procedures. These wells
;azjely‘ exceeded 4000 feet depth and should not endanger most
injection operations as the waste disposal zones generally exceed

this depth.

CONCLUSIONS:

1. Mud density is a major factor in controlling pressures in
abandoned wells, however, gel strength is an added benefit.

2. Mud gel in the annulus outside the casing of a well
required considerable pressure to break down and circulate
out of the well.

3. g;iil:;:thave encountered plugs of gelled mud in a well
were more resistant to drilli 1gi
el S ling than the original

4. Abandoned wells along the Gulf are )
. probably sealed off ~ =
;gleslc’ggg::gu ::.tlthe formation and bridging of the bo:
o Y, resgervoi i
for injection of vastes oirs in this area are excelleunc
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5. West Texas formations are generally consolidated and well

pore holes do not heal over.

Cconsequently, abandoned wells

penetrating waste disposal holes could lose formation
fluids if inadeguately plugged.

i .



; 111i i i Injectio..
Price, William Henry, 1971, The Determination of Maximum

Pressure for Effluent Disposal Wells - Houston, Texas Area, M.S.

Thesis, University of Texas at Austin.

SUMMARY :

Regarding abandoned wells, Price indicated that dry holes in
the Houston-Galveston area which were improperly plugged, must be a
primary consideration in setting maximum injection rates and'vclumes
for injection wells. In contrast with modern well-plugglng_ .
standards involving combinations of properly set cement plugs within
a mud-filled wellbore, many dry holes in this area of the Gulf Coast
were improperly plugged with only mud in the wellbore. Price
further indicated that .0l psi per foot of depth was the maximum
advisable pressure build-up at an improperly plugged well which
lacked mud density data. This suggested limit is based on the
pressure gradient difference between a 9.2 1l1lb/gal mud (& .477
psi/ft) and a normally-pressured formation piezometric head (@ .467
psi/ft). The probabilities that a mud of unknown density actually
exceeds 9.2 1l1lb/gal, and that many Gulf Coast wellbores will be
sealed by wall sloughing and clay swelling, combine to make .01
psi/ft a conservative amount of pressure build-up for an improperly

plugged or inadequately documented well.

CONCLUSIONS:

1. Judged by modern plugging standards, many Gulf Coast area wells
were improperly plugged by filling with heavy mud without

setting down-hole cement plugs.

2. Improperly plugged or inadequately documented wells in the Gulf
Coast area will safely withstand downhole pressure build-ups to
the degree to which the well-bore mud hydrostatic pressure
exceeds the reservoir pressure.
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S, Persconal Communication:

Schuh, Frank J., November 19, 198
Texas.

Atlantic Richfield Company, Dallas,

SUMMARY :

This discussion with Schuh dealt largely with drilling fluids

and cement plugs, and their capacity to contain fluids in wells. He
also cited cases 1in wh

ich drilling mud was used above packers and
found to be unsatisfactory because of difficulty in unseating the
packers after the mud gelled. Schuh indicated that untreated muq
columns tend to set up as the pH decreases from breakdown of organid
constituents in the mud. Muds also thicken due to filtration,

as fluids bleed from the mud to surrounding pays. In shale zones
where filtration is extremely low, the fluid column remains intact
and is effective in the

control of pressure. It is desirable,
therefore, that the injection zone be separated by a thick shale
zone to maintain a mud column of sufficient height to control the
waste zone pressure.

In old wells drilled in the 1930's and earlier, the clay muds
used at that time have thickened and solidified to the point that
considerable pressure can be contained. When using these muds as
drilling fluids, mud thinners had to be added to decrease viscosity

and gel strength.

As a side issue, Schuh mentioned that failure of cement plugs
had been experienced when located next to a gas zone. In these
cases it was concluded that during the setting process, the interna
pressure in the cement plug dropped to that of the surrounding
formation, allowing gas to penetrate the plug and render it useless

CONCLUSIONS:

1. Untreated mud columns tend to set up as pH is reduced.

2. Mud columns become thicker and more dense due to filtratio
losses to the surrounding pays.

3. mud columns remain intact and effectively control pressurt
in shale gnd other impermeable zones where filtration is
nil. It is desirable, therefore, to have thick impermeabl
zones between the waste zone and ground water to prevent
loss of the £luid column.

4. Clgy muds used in old wells in the 1930's and earlier, hav
thickened and solidified sufficiently to contain
considerable reservoir pressure build-ups.

S. Failure of cement plugs has occurred when set opposite ga
zones. During setting of the plug, pressure in the cemen
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plug dropped to that of the surrounding formation, allowing
gas to penetrate and destroy the plug.
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smith, Dwight, November 8, 1985, Personal Communication: Halliburton

services, Duncan, Oklahoma,

SUMMARY :

smith indicated that it was impossible to predict the gel
strength of mud in an abandoned well, or the probability of a mud
retaining fluids in an overpressured reservoir. The somewhat
the benefits of mud gel in abandoned wells 1s

pessimistic opinion on . _
pased on the lack of data to substantiate mud gel strengths 1in a

well after an extended time. smith stated that over long periods of
time at elevated temperatures, mud gels will break down into pockets
of filtercake and fluid. Also, hydrochloric acid can shrink mud gel

so that mud-filled intervals may be breached by channels.

in Pennsylvania where casing in an
ected from an abandoned well which was
well. Also in Kankakee, Illinois, an
reservoir resulted in gas intrusion into
lls rendering them unfit for use.

smith cited a case
overpressured zone was ej
adjacent to the injection
overpressured gas storage
the surrounding farmer's water we

Bentonite muds were first introduced to improve mud gel
strength in the 1930's. Prior to that time, native drilling muds
comprised of drill cuttings and water, had poor gel strengths.
Wells drilled before 1930 generally did not exceed 4,000 feet 1in
depth. Because most waste disposal zones fcr industrial wells are
pelow this depth, these pre-1930 wells should exert little or no
influence on waste disposal well projects. Plugging records of
wells abandoned prior to 1960 are usually not well documented, and

are not generally reliable as a result.

Boreholes in abandoned wells in the Gulf Coast region probably
close over time, due to sloughing, or caving, of the borehole walls,
and healing of the pay. In west Texas and the Panhandle, zones used
for waste disposal are relatively consolidated, and will maintain
boreholes in an open condition for an extended time. "Red beds" in
some areas of west Texas, are the principal zones of instability
that would be likely to slough and seal a well bore.

CONCLUSIONS:

1. Itlis not possible to predict gel strength in an abandoned
well.

2. Mud ge; in contact with hydrochloric acid may shrink
sufficiently to cause channels to breach the mud-filled
intervals.



Wells drilled prior to the mid 1930's used native muds
which had poor gel strengths.

Wells drilled before 1930 generally were less than 4,000
feet in depth and consequently do not penetrate most
disposal zones for industrial waste disposal wells.

Abandoned wells on the Gulf Coast area have a higher
probability of borehole closure by sloughing of the
borehole than wells in west Texas and the Panhandle. Red
bed clays in west Texas and Panhandle are the principal

zones of borehole instability in these areas.
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ells in

1948, Contamination of Deep Water W
Bulletin 76

williams, C.C.,
logical survey of Kansas,

Southeastern Kansas: state Geo

SUMMARY

williams documented some of the modes of ground-water
contamination which have occurred through producing oI abandoned
wells, in which care has not been taken to prevent interformatinal
fluid flow. In southeastern Kansas, highly mineralized water £rom
the Cherokee Shale has entered numerous deep water wells. The
practice of setting well casing without completely cementing
(grouting) the borehole-casing annulus, has allowed mineralized
formation waters to enter the well by corroding through the casing,
and by traveling down the unsealed annulus to the well completion
zone. It was therefore recommended by the State Geological Survey,
and the Kansas State Board of Health, that the borehole-casing
annulus of all wells be sealed by grout through all zones of
inferior water guality, to protect steel casing from corrosion, and
to maintain the quality of local aquifers which supply fresh water

for domestic uses.

CONCLUSIONS:

cases documented in the southeastern part of Kansas indicate that
failure to seal the borehole-casing annulus of a well during
construction, may subject a well to casing failure by corrosion,
and/or to vertical flow of fluids between formation. .
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Permeability, porosity and surface
characteristics of filter cakes from
water—bentonite suspensions

V. C. Kelessidis, C. Tsamantaki, N. Pasadakis, E. Repouskou
& E. Hamilaki

Department of Mineral Resources Engineering,

Technical University of Crete, Chania, Crete, Greece

Abstract

Water — bentonite suspensions behave as non-Newtonian fluids with exceptional
rheological and filtration characteristics at low temperatures which deteriorate at
temperatures higher than 120°C. Additives restore these characteristics but many
of them are thermally unstable at the temperatures encountered, for example in
oil-well and geothermal drilling. Greek lignite has been proven to be an excellent
additive for water—bentonite suspensions at temperatures up to 177°C.

In this work we attempt to assess the reason for such good performance by
studying the surface characteristics and the permeabilities of filter cakes of water
— bentonite suspensions with and without the additive (various lignite types) after
exposing the samples to thermal static aging at 177°C for 16 hours.

The filter cakes are produced with an American Petroleum Institute filter
press allowing filtration for sufficient time to produce a filter cake with adequate
thickness. The surface morphology of the filter cakes has been assessed with a
scanning electron microscope. The permeabilities of the filter cakes were
determined with an in-house technique which creates a ‘wet core’ of the filter
cake of sufficient thickness and the water permeability is measured in a Hassler
type meter. The differences between the reference samples (cakes from bentonite
suspensions at room temperature) with cake samples from thermally aged
water—bentonite suspensions and water—bentonite—lignite suspensions both in
surface characteristics and in cake permeability are noted and discussed.
Keywords: filter-cake, permeability, lignite, bentonite, high-temperature.

WIT Transactions on Engineering Sciences, Vol 56, © 2007 WIT Press
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1 Introduction

The creation of low permeability filter cakes is one of the desirable properties of
water—bentonite suspensions used as drilling fluids in order to minimize fluid
loss into permeable formations which could be detrimental to hydrocarbon
identification and production.

The filtration properties of bentonite-water suspensions are greatly affected
by the way bentonite particles associate and the state of the suspension, being
flocculated or deflocculated, aggregated or dispersed. The best filtration
performance is when a clay suspension is deflocculated and dispersed since the
very small clay particles give low porosities and permeabilities of the filter cake
that is formed. When bentonite particles are flocculated, they are larger, giving
higher porosities and permeabilities. Soluble salts in muds increase cake
permeability but thinners usually restore these permeabilities because they
disperse clay aggregates into smaller particles. Filter cake permeabilities are of
the order of 10 mD for flocculated suspensions, of the order of 10° mD for
untreated fresh water muds and of the order of 10 mD for muds treated with
thinners [1].

Fluid loss through such filter cakes is generally measured in the laboratory in
a single pressure drop, usually 6.9 bar (100 psi), with an American Petroleum
Institute standardized procedure [2, 3]. In reality, however, the filter cakes are
exposed to different differential pressures and different drilling fluid
formulations requiring thus a general understanding of the properties of filter
cakes [4] which will help predict not only fluid loss in conditions different from
the lab but also the behavior under extreme conditions like high temperatures
which are encountered now more often in oil-well exploration.

Filter cakes of bentonite-water suspensions are low in permeability,
compressible and compactable [5]. To obtain the permeability of the filter cake,
k, a permeating fluid of known pressure gradient should be applied to the
sample and the permeable flux should be measured. If the applied pressure is
large in order to give a measurable flux, the sample may deform. In addition,
sealing of the boundaries of a wet and deformable sample may be difficult. Thus,
measuring the permeability of the filter cakes in a direct way over a large
porosity range is very difficult. It is for this reason that specific values of the
permeabilities of filter cakes are not usually reported in the literature. Indirect
techniques for measuring cake permeability have been reported by Meeten and
Sherwood [5] using an inversion technique, which requires data obtained from
filtration measurements at a series of pressure gradient values.

The good properties of bentonite-water suspensions deteriorate at
temperatures above about 120°C [1, 6]. When drilling stops, the drilling fluid
may stay static for a long time while it is exposed to high temperatures and
strong gels may develop which cause excessive pressure drop when flowing and
do not form good filter cakes. Therefore, water—bentonite suspensions are treated
with various materials, to enable them to withstand these high temperatures [7].
The stability of bentonite suspensions at high temperatures may be improved
either by modifying the surface charge of bentonite particles or by introducing a

WIT Transactions on Engineering Sciences, Vol 56, © 2007 WIT Press
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steric barrier against agglomeration using various additives which may be either
modified, or non-modified, natural products like lignosulfonate complexes with
various metals, tannins, humic acid, lignite and modified lignite, synthetic
polymer products, mono- or poly-acrylic acid [8, 9]. Lignite has been used
together with many other substances like sodium chromate as alkali solubilized
lignite to improve filtration and thermal stability of chrome-lignosulfonate
drilling fluids [1, 7, 10].

Results have been reported [11, 12] which show that several Greek lignite
types can be used as additives, at optimum concentration of 3% in
water—bentonite suspensions giving exceptional filtration control properties even
after the bentonite-lignite-water suspension has been exposed to 177 °C for 16
hrs. The performance has been equal or sometimes even better to suspensions
with a commercial lignite additive. However, the mechanism of action of the
lignite additives for improving the performance of water—bentonite suspensions
at high temperatures has not been understood. It is the intention of this ongoing
research work to attempt to understand some of the mechanisms involved and
processes that take place in such systems. This is accomplished by examining the
surface characteristics of filter cakes using scanning electron microscopy and by
directly measuring filter cake permeabilities, of filter cakes created with different
water—bentonite suspensions, using two different bentonites and various lignite
types as additives. In the present work the methodology that was developed will
be presented together with preliminary experimental results.

2 Experimental procedure

Two sodium bentonites were used, a Greek bentonite (Zenith, kindly provided by
S & B Industrial Minerals S.A.) and a Wyoming bentonite (kindly provided by
Baroid — Cebo Holland). Various lignite types from different places in Greece,
which were provided by the Greek Institute of Geological and Minerealogical
Exploration [11] as well as a commercial lignite (Caustilig) kindly provided by
M-I Drilling Fluids were used as additives. The particle size of both bentonites is
finer than 70 um, thus meeting the API 13A specifications [2], while lignite
samples were ground, when needed, to less than 70 pm.

The suspension preparation procedure followed the specifications of the
American Petroleum Institute for drilling fluids [2, 3]. The water—bentonite
suspension constitutes of deionized water and bentonite clay in the proportion of
6.42 gr of bentonite in 100 gr of deionized water, while in case of additive
addition the proportion is 3 gr of lignite in 100 gr of deionized water. After
mixing, the suspensions were either stored in sealed containers for full hydration
for about 16 hours at room temperature (hydrated samples) or placed in a high
temperature aging cell, pressurized at 100 psig to avoid the evaporation of water
and statically aged at 177°C for 16 hours in a portable oven (thermally aged
samples) [11]. The static aging procedure simulates the behaviour of the static
muds in high temperature wells. The pH of the suspensions was 9.82 for Zenith
and 9.00 for Wyoming bentonite. At pH range of 9.0 to 10.0 the rheological and
filtration properties of water—bentonite suspensions are insensitive to changes in
pH [13].

WIT Transactions on Engineering Sciences, Vol 56, © 2007 WIT Press
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After aging, the filtration properties of the suspensions were measured in a
Low Pressure — Low Temperature (LPLT) filter press (Fann 30201). The
Whatman filter paper used in the API filter press has a retention size of 2.7 pm,
an area of 4560 cm? and offers no hydraulic resistance to the flow of water which
flowed 100 to 1000 times faster compared to case when there was drilling fluid
in the filter press [14]. Moreover, different filter paper retention size has also no
effect on the filtration properties.

The API filtration procedure allows for 30 min filtration time and the filtrate
is measured over this period and reported as fluid loss per thirty minutes. The
filter cake that is produced over this period is fairly thin with a thickness of one
to three millimetres [1, 11]. Investigation of surface morphology of the cake can
be performed on a cake of such thickness as the material required is extremely
small. However, for the permeability measurements, a cake of sufficient
thickness is required for use on the permeability apparatus. This was created by
allowing filtration in the filter press for about 16 hrs and at that time only a very
low volume of filtrate was flowing from the press. This procedure gave a fairly
thick filter cake of approximately 10-15 mm thickness while at the same time it
resulted in an almost uniform cake concentration allowing full compaction of the
filter cake. Similar procedures have been followed by Meeten and Sherwood [4]
and Sherwood et al. [15] who have confirmed experimentally the uniform cake
thickness.

Drying of the filter cake for use in SEM was accomplished under room
temperature conditions (~25°C), without placing the filter cake in an oven or
other drying equipment. It was observed that few days were needed (~3-4 days)
for the filter cake to become completely dry. The cake was then prepared for
SEM observations. Analysis of morphology of filter cakes created by
water—bentonite suspensions have been performed in particular for drilling fluid
characterization by Porter [16], Hartmann et al. [17], Plank and Gossen [18] and
Chenevert [19]. In this work the microstructure of the fillter cakes was studied
by scanning electron microscope (SEM) JEOL JSM 5400, working at 15 kV of
electron accelerating voltage. The dried filter cakes were mounted and gold
coated with a layer about 10 nm thick by using a vacuum of 10~ Torr metal-
coating process. Microchemical qualitative analyses of clay and lignite particles
were carried out using an EDS energy dispersive X-ray analyzer INCA Energy
300. Each sample was studied at several magnifications. The x3500 and x7500
magnifications were taken as optimal for study of the microstructure details and
the results presented are at the x7500 magnification.

The permeability of the mud cake was measured using an in-house developed
experimental setup based on a Hassler type core holder. The mud cake as it was
produced from the API filter press was loaded in a ring with 2.54 cm external
diameter, 0.1cm thickness and 0.5 cm length. The ring was subsequently placed
between two Berea core samples, 2.54 cm diameter and 2 cm long each, of
known permeability. The specimen, consisting of the two cores and the ring
containing the mud cake was encased in a thermo-shrinkage plastic (Figure 1)
and placed in the sample holder of a Hasser type core holder. Water was injected
in the sample using an Isco positive displacement pump at a constant pressure of
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105 psi. After equilibration, the flow though the core was measured and the
permeability of the filter cake was determined assuming flow though porous
media in series.

Figure 1: In-house developed specimen used for permeability experiments.

3 Experimental results

SEM and permeability results are presented for filter cakes created using two
bentonites and two lignites, a commercial product (I') and a Greek lignite (TH7).

In Figure 2 the SEM pictures of the tested filter cakes are shown. All the
pictures were taken in a plane perpendicular to the flow plane of the filter cakes.
Evident differences in the character of the formed microstructure of the different
filter cakes can be observed. The microstructure of the hydrated Wyoming filter
cakes (Fig. 2(a)) are characterized by large amounts of leafs placed very closely
to each other and thus creating compact orientated layers of smectite particles
(EDS analysis). The hydrated Zenith filter cakes (Fig. 2(b)) create very similar
microstructure to the Wyoming ones, with comparable particle sizes, densities
and compactness of individual grains. The filter cakes from the thermally aged
Wyoming and Zenith suspensions (Fig. 2(c), 2(d)) present a more permeable
microstructure, which is characterized by a large amount of leafs with open-air
voids having small interfacial zones and mutual bonds. The SEM micrographs of
the filter cakes treated with commercial lignite I' (Fig. 2(e) and 2(f)) and with
Greek lignite TH7 (Fig. 2(g) and 2(h)) show that the cakes have undergone a
reduction in porosity compared to the corresponding thermally aged ones. The
smectite particles draw closer and their interaction increases, so they give a less
permeable microstructure.

In Figure 3 the measured permeabilities of the tested filter cakes are shown.
The results reveal first of all that on the two identical tests that have been
performed with Wyoming-bentonite filter cakes, the measured permeabilities are
within 5% of each other, indicating the measurement capabilities and the
repeatability of the system set-up. Secondly, the values of the permeabilities of
all samples are very small, of the order between 10 and 10° mD, close to the
permeability values of filter cakes observed from fresh-water muds and muds
treated with thinners [1]. Evaluation of the Wyoming-bentonite results shows
the significant reduction in permeability values on the samples treated with
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Figure 2: Scanning electron micrographs (SEM) of tested filter cakes.
Magnification x7500: (a) H-W, (b) H-Z, (c) TA-W, (d) TA-Z, (e)
TA-W+T, (f) TA-Z+T, (g) TA-W+TH7, (h) TA-Z+TH7 (H:
hydrated, TA: thermally aged, W: Wyoming, Z: Zenith).
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Figure 3: Measured permeabilities of filter cakes of the tested bentonite-

water suspensions. All suspensions have been thermally aged.

lignite. The effect of the different lignite types is different, with the commercial
lignite (W-+I") giving a permeability ratio to the permeability with only bentonite
of 4.1/1.21=3.4, better than the TH7 lignite, which gives a ratio of 4.1/2.89=1.4.
Evaluation of the Zenith bentonite suspension results shows the higher
permeability values of the filter cake of the Zenith suspension, compared to the
Wyoming counterpart, with a ratio of the two permeabilities of 9.17/4.1=2.2.
Lignite addition lowers again the permeability of the filter cakes, with the
different lignites having different effect. Better performance is observed with the
commercial lignite (Z+T") with a ratio of permeabilities of 9.17/1.45=6.3, while
lignite TH7 exhibits a very good performance as well, giving a ratio of
9.17/1.69=5.4. Furthermore, the values of the permeability of the filter cakes
obtained with the Zenith-suspensions and with the two lignite types are
comparable to the Wyoming counterparts.

4 Discussion

Based on the analysis of the SEM micrographs of the filter cakes created with
water—bentonite suspensions, it appears that the structure of the filter cake
changes according to the additive in the suspension and to the treatment it has
undergone. When no additive is present and the suspensions has been only
hydrated for 16 hrs, the bentonite platelets, Zenith or Wyoming, are aligned in a
direction almost normal to the flow direction, creating a network structure that
results in a very low permeability of the filter cake, thus giving low fluid loss
value and hence making the suspension excellent for use in drilling applications.
When the same suspensions are thermally aged to 177°C, the filter cakes created
afterwards offer a more permeable structure, which results both from the
association of several clay platelets and the opening up of the platelets thus
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leaving more open space. This is observed for both bentonite types. The addition
of the two lignites studied, I' and TH7, presents a different filter cake structure
from the previous two. The micrographs show that the clay platelets are
smoothly associated, although not in the same way as when the bentonite is only
hydrated, thus leaving probably similar open space to the hydration case
resulting in similar permeability values among each other and with the hydrated
case and much smaller than the case when the suspension is thermally aged. No
identifiable differences can be reported from these SEM micrographs from the
filter cakes derived with the different lignite types.

The permeability measurements are similar to the SEM micrograph
observations and show the decrease in permeability values for the filter cakes
derived with the suspensions treated with lignite. However, the permeability
measurements indicate differences also among the lignite types. However, it
should be noticed that the values of the permeability of the filter cakes are
extremely small when compared, for example with permeabilities of the
permeable formations, which are of the order of 0.1 to 1000 mD. Thus, the
developed technique allows for the identification of differences among the lignite
types, but one should look at the essential differences which are the ones
between bentonite suspensions and bentonite-lignite suspensions.

5 Conclusions

A methodology has been established for the evaluation of the permeability and
the surface characteristics of filter cakes created by wusing different
water—bentonite suspensions. The methodology involves the creation of adequate
thickness filter cake in an API filter press, the evaluation of surface morphology
of the filter cake by scanning electron microscopy and the measurement of the
permeability of the filter cake.

The permeability measurement presented significant challenges which have
been resolved. The thick filter cake is placed between two cores of known
permeability and thickness, all held together in a thermo-shrinkage plastic and
put in a Hassler type holder for the permeability measurement with water. The
technique has been tested and gives repeatable results. It should be stressed that
permeability measurements of filter cakes rarely appear in the literature.

The technique has been applied to study the characteristics of filter cakes
from Wyoming and Zenith bentonite-water suspensions at 6.42% wt. which were
hydrated, thermally aged and thermally aged after adding different lignites at 3%
wt.

SEM micrographs reveal that hydrated bentonite suspension filter cakes form
a network of platelets almost normal to the flow direction. This structure opens
up when the suspension is thermally aged and multiparticle association is
observed increasing the permeability of the filter cake. The addition of the two
lignite types studied gives a structure which is closed again and not leaving much
open space for the flow of the filtrate. There were not many differences observed
among the filter cakes of the two different lignites that were analyzed with SEM.
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The permeability measurements give permeability values for the thermally
aged suspensions for both bentonites used which are typical of flocculated
suspensions, with a variation among the two bentonite types. Additions of lignite
at 3% wt. results in drastic reduction of the permeability of filter cakes derived
after thermal aging of the suspension. Variations in permeability values have
been observed between the different lignites tested.
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Certain geologic media are known to have small permeability; subsurface environments composed of
these media and lacking well developed secondary permeability have groundwater flow sytems with
many distinctive characteristics. Moreover, groundwater flow in these environments appears to influence
the evolution of certain hydrologic, geologic, and geochemical systems, may affect the accumulation of
pertroleum and ores, and probably has a role in the structural evolution of parts of the crust. Such
environments are also important in the context of waste disposal. This review attempts to synthesize the
diverse contributions of various disciplines to the problem of flow in low-permeability environments.
Problems hindering analysis are enumerated together with suggested approaches to overcoming them. A
common thread running through the discussion is the significance of size- and time-scale limitations of
the ability to directly observe flow behavior and make measurements of parameters. These limitations
have resulted in rather distinct small- and large-scale approaches to the problem. The first part of the
review considers experimental investigations of low-permeability flow, including in situ testing; these are
generally conducted on temporal and spatial scales which are relatively small compared with those of
interest. Results from this work have provided increasingly detailed information about many aspects of
the flow but leave certain questions unanswered. Recent advances in laboratory and in situ testing
techniques have permitted measurements of permeability and storage properties in progressively “tight-
er” media and investigation of transient flow under these conditions. However, very large hydraulic
gradients are still required for the tests; an observational gap exists for typical in situ gradients. The
applicability of Darcy’s law in this range is therefore untested, although claims of observed non-Darcian
behavior appear flawed. Two important nonhydraulic flow phenomena, osmosis and ultrafiltration, are
experimentally well established in prepared clays but have been incompletely investigated, particularly in
undisturbed geologic media. Small-scale experimental results form much of the basis for analyses of flow
in low-permeability environments which occurs on scales of time and size too large to permit direct
observation. Such large-scale flow behavior is the focus of the second part of the review. Extrapolation of
small-scale experimental experience becomes an important and sometimes controversial problem in this
context. In large flow systems under steady state conditions the regional permeability can sometimes be
determined, but systems with transient flow are more difficult to analyze. The complexity of the problem
is enhanced by the sensitivity of large-scale flow to the effects of slow geologic processes. One-
dimensional studies have begun to elucidate how simple burial or exhumation can generate transient
flow conditions by changing the state of stress and temperature and by burial metamorphism. Investi-
gation of the more complex problem of the interaction of geologic processes and flow in two and three
dimensions is just beginning. Because these transient flow analyses have largely been based on flow in
experimental scale systems or in relatively permeable systems, deformation in response to effective stress
changes is generally treated as linearly elastic; however, this treatment creates difficulties for the long
periods of interest because viscoelastic deformation is probably significant. Also, large-scale flow simula-
tions in argillaceous environments generally have neglected osmosis and ultrafiltration, in part because
extrapolation of laboratory experience with coupled flow to large scales under in situ conditions is
controversial. Nevertheless, the effects are potentially quite important because the coupled flow might
cause ultra long lived transient conditions. The difficulties associated with analysis are matched by those
of characterizing hydrologic conditions in tight environments; measurements of hydraulic head and
sampling of pore fluids have been done only rarely because of the practical difficulties involved. These
problems are also discussed in the second part of this paper.

CONTENTS

Introduction .......o vttt it e e el 1163
The small scale: expenmental charactenzatlon of flow in

gt rocks ... i 1165
Hydraulic flow: measurement of parameters ............. 1165
Nonhydraulic flow phenomena ......................... 1171

Large low-permeability flow systems ...............c.viun.. 1175
Steady flow in low-permeability environments ............ 1177
Persistence of transient flow ........ ... ... ... ...l 1177
Nonhydraulic flow in large-scale systems ................ 1185
The field problem ...................... e 1187

VTV IEW .\ttt e 1188
Historical bias ..........cviiiiiiiiiiiiieiiiii e, 1188
Fundamental difficulties and the scnentlﬁc method ........ 1189

NOlAtIOn . e e 1189

This paper is not subject to U.S. copyright. Published in 1986 by
the American Geophysical Union.

Paper number 6W4392.

INTRODUCTION

Improved laboratory and in situ testing techniques have
demonstrated that the permeability of many geologic materi-
als is very small. At the same time, no properly tested geologic
media have proved to be entirely impermeable. Large regions
composed of low-permeability lithologies are often signifi-
cantly more permeable than small volumes of the same rock,
owing to the presence of joints, fractures, and faults. Neverthe-
less, there is ample evidence that many sizable regions possess
low permeability, presumably because fractures either fail to
develop, are not connected or transmissive, or tend to be
sparse. For example, artesian systems often have extensive
confining beds of quite low regional permeability. In certain
other settings, one finds fluid pressures indicative of transient
hydrodynamic conditions which, because they are unrelated to
human activity, are presumably long lived. Such conditions
are explicable in the presence of large volumes of low-
permeability media but are otherwise difficult to explain. Ex-
amples include some of the “anomalous” pressures known
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from drilling in many parts of the world. In still other settings,
distributions of ions in groundwater suggest the presence of
extensive low-permeability bodies which act as semipermeable
membranes.

Low-permeability environments are most commonly associ-
ated with fine-grained sedimentary deposits such as shales and
clays. These occur in active and ancient sedimentary basins
and in accretionary wedges at plate boundaries. Crystalline
rocks generally prove to be relatively permeable at large scale
because of extensive fracturing. However, at depth they may
have regionally low permeability because of healing or filling
of fractures [Walder and Nur, 1984]. Even in shallow crys-
talline rocks, fractures may be sparse, leaving relatively large
unfractured areas [ Balk, 1937], or they may be numerous but
unconnected as Marsily [1985] suggested is the case in the
French Massif Central. Certain other terranes may have small
permeability, including parts of the oceanic crust at depth
[Anderson et al., 1985] and salt and other evaporite deposits
[Kreitler et al., 1985]. Groundwater flow in such environ-
ments, which are low in permeability at the scale of interest, is
the subject of this review. Flow under partially saturated con-
ditions, occurring near the surface and in soils, will not be
considered. The term “low permeability” is here applied to
media with hydraulic conductivity to water of approximately
10~ % m/s and smaller.

Fluid flow in permeable rocks has been extensively studied
and analyzed in several contexts, notably in the development
of groundwater resources and the recovery of petroleum. By
comparison, less effort has been spent to analyze the flow
behavior in tight, or poorly permeable, rocks. However, the
past several years have seen this begin to change. There are
several reasons. It has, for example, become clear that aquifer
behavior prior to development and the response to devel-
opment is often mediated by adjoining tight formations
[Walton, 1965; Gill, 1969; Neumann and Witherspoon, 1972;
Bredehoeft et al., 1983]. It has also been recognized that the
flow in tight formations has an important role in the evolution
of groundwater flow systems over geologic time. Attention has
turned recently to the flow in evolving sedimentary basins
[Sharp, 1978; Toth, 1978; Cathles and Smith, 1983; Smith et
al., 1983; Garven and Freeze, 1984a, b; Bethke, 1985], which
affects the migration of hydrocarbons and the formation of
ore bodies. The role of fluids in mechanical processes [ Pincus
et al., 1982] dictates the importance of groundwater flow in
low-permeability portions of the crust for understanding the
mechanical behavior of these regions. This has recently been
emphasized by Westbrook and Smith [1983] for sedimentary
accumulations and Walder and Nur [1984] for crystalline
rocks. Knowledge of the flow in tight media is also necessary
for understanding the geochemical evolution of their pore
fluids and solids. Such regions are a unique environment
where fluid and solid phases have been in contact for long
periods while little chemical mass has been exchanged with
the surroundings. A recent and highly significant motivation
for the study of low-permeability environments is geologic
disposal of toxic materials so as to minimize their exposure to
moving groundwater [ Bredehoeft et al., 1978].

The study of flow in low-permeability environments has
been possible at widely disparate size and time scales. Per-
formance and analysis of controlled experiments in the labora-
tory and in situ permit the investigation of various flow phe-
nomena and direct measurement of their parameters on rela-
tively small scales of distance and time. At the other extreme
are quantitative, theoretically based analyses of large-scale
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and long-term flow behavior which cannot be observed. This
raises the important point that where the permeability is
small, flow experiments encompassing significant volumes are
not practical. Even areally extensive in situ tests, such as
aquifer-confining layer tests, sample the tight confining layer
but a short distance in from its boundary. Usually a small
fraction of the confining layer is involved. Tests using bore-
holes in tight rocks likewise involve relatively small volumes
of the rock. Thus, compared with the volumes of interest,
practicable laboratory and in situ tests are small in scale. Yet,
these are often the only source of information on-which to
base analyses. Only in systems which are at steady state is it
sometimes possible to directly measure the hydraulic conduc-
tivity of large volumes of tight media. The problem is much
more complex if the flow is in a transient state because the
changes occur extremely slowly. One is, therefore, unable to
observe the large-scale transient response to a known stress
which often helps characterize more permeable formations
[e.g., Randolf et al., 1985].

Extrapolation of flow behavior in tight rock from small to
large scale is fraught with difficulties. As indicated, the size
scale dependence of permeability is a problem; similar and less
well understood difficulties are associated with the nonhy-
draulic conductivities governing various types of osmotic flow.
A less well recognized but highly significant problem concerns
the time scale dependence of storage properties. This results
from descriptions developed for relatively short lived transient
flow being applied to long-term behavior in low-permeability
environments.

The slow transient response of the flow and long periods of
time involved add another challenging dimension to the prob-
lem. Slow geologic processes acting on the system, which are
normally ignored in studies of groundwater development, can
be the dominant control of the flow. Hydrologic conditions
may reflect cumulative geologic changes extending well back
into the past. Indeed, it is often difficult to determine whether
present conditions represent steady flow in equilibrium with
stable boundary conditions, whether they are slowly transient
in response to natural geologic changes, or whether they are
due to other effects entirely, such as osmosis.

To the various difficulties mentioned should be added those
encountered in practice which are related to determining exist-
ing hydraulic conditions in the field. Normally routine pro-
cedures such as measuring hydraulic head and sampling pore
fluids are much more difficult in tight materials.

The history of hydrogeology-related disciplines appears to
have influenced how low-permeability environments have
been studied and analyzed. Because relatively permeable envi-
ronments were studied earlier and more extensively, the study
of tight environments has been influenced by experience with
more permeable ones. Phenomena associated only with tight
media have therefore received less emphasis than they perhaps
should. Osmotic flow and related coupled flow phenomena are
probably the best example.

Because of the significance of flow in low-permeability envi-
ronments, the increasing interest in it, and the number of dis-
ciplines making contributions toward understanding it, an
overview of this emerging field of study seems warranted. The
purpose of this review is to provide such a perspective. Specifi-
cally, there are four primary aims: (1) to synthesize and place
in perspective the diverse research carried out in various dis-
ciplines which is important for understanding groundwater
flow in saturated low-permeability environments, (2) to con-
sider whether historical bias has influenced the approach to
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the problem, (3) to enumerate questions and issues which, at
present, hinder analysis and to discuss appropriate approaches
for overcoming them, and (4) to set forth observations on
important uncertainties related to the problem.

In practical terms, the problem of flow in low-permeability
environments may be summarized as follows: How can
knowledge of behavior at small scales be extrapolated to large
dimensions and long periods of time? Uncertainties related to
small-scale behavior strongly affect the ability to understand
and analyze large-scale behavior. Consequently, the first part
of the paper considers the basis of our understanding of flow
in low-permeability media, namely small-scale experiments
and tests. The second part of the paper examines the problem
of analyzing low-permeability systems in which flow is oc-
curring at scales that make direct observation of the flow
dynamics impractical. It considers how experimental experi-
ence has influenced analysis of large-scale flow and when ex-
trapolation of experimental behavior to large scale may be
misleading. To conclude, the final part of the paper offers a
general, philosophical overview of the problem with observa-
tions on inherent difficulties.

THE SMALL SCALE: EXPERIMENTAL
CHARACTERIZATION OF FLOW
IN TIGHT ROCKS

In the present context a useful definition of “small scale” is
one at which flow experiments in tight media can be com-
pleted in a practical period of time. Thus both laboratory and
insitu tests are included.

Experiments have addressed questions related to two rather
different perceptions of low-permeability flow. One perception,
an outgrowth of traditional groundwater studies, emphasizes
the hydraulic character of the flow. From this viewpoint, the
primary task is to devise techniques to reliably measure the
parameters governing hydraulic flow, namely, the permeability
and storage properties. The latter include, in addition to spe-
cific storage, the loading efficiency, which describes the re-
sponse to changes in external mechanical stress. Recent ad-
vances have been made which facilitate measurement of hy-
draulic parameters in the laboratory and in the field.

The other viewpoint emphasizes nonhydraulic flow phe-
nomena which are linked specifically with tight media. Here
the primary task is generally viewed as gaining a better under-
standing of the flow laws. This includes assessing the applica-
bility of Darcy’s law in very tight media and investigating
osmotic phenomena related to coupled flow. The problems
involved in these investigations are generally quite complex,
and few, if any, field techniques have been developed for them.

Hydraulic Flow: Measurement of Parameters

Laboratory approaches. Laboratory strategies for mea-
suring hydraulic conductivity of tight geologic materials can
be arranged in three classes. These are (1) application of
Darcy’s law to flow or pressure data from steady or quasi-
steady flow, (2) application of a transient groundwater flow
description (which implicitly assumes Darcy’s law) to transient
flow or pressure data, and (3) application of a transient flow
description to a mechanical surrogate for flow and pressure
data, such as time dependent sample deformation. The last
two classes of tests analyze the same phenomenon, namely,
transient flow of a fluid in a deformable medium. However, in
the second class of tests, which was developed for indurated
media, stress change and deformation of the medium are con-
sidered only insofar as they affect fluid storage. The third class
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of tests, which was developed for relatively deformable media,
considers strains and stress changes in the medium explicitly.

The prolonged flow transients which occur in low-
permeability rocks provide an interesting benefit for labora-
tory scale testing; the time dependent behavior can be ana-
lyzed to compute the specific storage. This usually is not prac-
tical for samples of permeable rock in which transient changes
in small samples occur too rapidly to be studied. The second
and third classes of tests, which analyze time dependent be-
havior, generally permit determination of both hydraulic con-
ductivity and specific storage.

Steady and quasi-steady tests: When the hydraulic conduc-
tivity K [L/T] is very small, two problems make its measure-
ment in simple steady flow tests difficult. First, the time re-
quired to attain steady flow through the sample may be incon-
veniently long [Olsen et al., 1985]. Second, measuring or gen-
erating sufficiently small rates of flow may be difficult [Remy,
1973; Olsen et al., 1985]. The first can be mitigated somewhat
by decreasing the sample length in the flow direction. The
second problem can be overcome by using large hydraulic
gradients. Very small values of K have been measured this
way, using hydraulic gradients as large as 10° and more, much
greater than those found in nature.

Large-gradient steady flow tests have been described by
Ohle [1951a, b], von Englehardt and Tunn [1955], Lutz and
Kemper [1959], Gloyna and Reynolds [1961], Young et al.
[1964], Pearson and Lister [1973], Coplen and Hanshaw
[1973], Kharaka and Berry [1973], Kharaka and Smalley
[1976] and Morrow et al. [1981, 1984], among others. Values
of K of the order of 107 !5 m/s were obtained in some in-
stances, but large hydraulic gradients were required to obtain
them.

An alternative approach is to pump small, predetermined
rates of flow through the sample because it can be easier to
pump small flow rates than to measure them. Olsen [1966]
and Olsen et al. [1985] used a small-bore syringe to pump at
rates as small as 107% em3/s. It permitted measurements of K
in the range 10”7 to 107'° m/s with gradients of 0.2 to 40.
Olsen et al. [1985] recently have suggested that pumping rates
as small as 1077 em?/s are feasible with a differential diameter
piston. Summers et al. [1978] used input pumping rates to
compute the permeability of Westerly Granite, but with rela-
tively large pumping rates and correspondingly high gradients.

Some advantage is gained by using gas permeants because
of their much lower viscosity. However, corrections are neces-
sary [Scheidegger, 1974, p. 172] because of gas slippage. More
importantly, the physicochemical iteractions between per-
meant and solids, which may be significant in small pores, will
be quite different for gases and water; this makes the relation
between gas and liquid permeabilities in many tight media
uncertain. However, in certain instances these objectives may
not be important. For example, gas and liquid permeability of
Westerly Granite measured by Brace et al. [1968] and of
Grand Saline salt measured by Gloyna and Reynolds [1961]
were in close agreement.

A variant of the steady flow test, the falling head test, has
also been used to test tight media. Described by Darcy [1856],
the test is conducted by permitting an elevated water level in a
standpipe to cause flow through the sample; as the level falls,
the gradient across the sample and the flow rate decline. As
long as the storage in the standpipe is large compared with
that in the sample, the flow remains quasi-steady, that is, the
hydraulic gradient within the sample remains approximately
linear. Terzaghi [1925] claimed to have measured K smaller
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than 10™!! m/s using falling head tests, and Lambe [1951]
formalized the experimental stategy for measuring small K
with the technique. More recently, falling head tests were used
extensively by Tavenas et al. {1983] for testing tight clays.

The falling head test per se is not particularly advantageous
for measuring small K. However, a distinct technique specifi-
cally suited for tight media is, consciously or not, a variation
of it. In this version of the test, a closed reservoir instead of an
open standpipe is connected to one end of the sample. At the
beginning of the test, the reservoir is abruptly pressurized. The
pressure declines with time as water flows through the sample.
The great advantage of the closed system lies in the fact that
the storage in the reservoir, owing to the equipment and water
compressibility, is much smaller than in an open standpipe.
An equivalent head decline requires the flow of a much
smaller quantity of water into the sample. When K is small,
this can sufficiently reduce the time required for the test to
make it feasible. This test methodology and analysis was first
developed by Bianchi and Haskell [1963], who used a deform-
able diaphragm with strain gauges to determine flow from the
closed reservoir; Nightingale and Bianchi [1970] later used the
technique to test clays. Somewhat after Bianchi and Haskell
published their paper, Overman et al. [1968] described a simi-
lar test in which flow was related to reservoir pressure mea-
sured with a pressure transducer. At nearly the same time,
Brace et al. [1968] independently developed a similar but
somewhat more complex test design and analysis; they used
closed reservoirs of arbitrary volume placed at both ends of
the sample. After the upstream reservoir is abruptly pressured,
its head declines and the head in the downstream reservoir
rises. The analysis permits extraction of K from the pressure
changes. Using this method, Brace et al. [1968] measured the
conductivity of Westerly Granite for a range of effective pres-
sures, using both gas and water. They obtained values as small
as 107'* m/s. The mean gradient across the sample ranged
between approximately 10* and 10° during the tests.

Shortly after the methodology was presented by Brace et al.
[1968], Sanyal et al. 1971, 1972] and Remy [1973] reported
using a test and analysis, apparently developed independently,
which was essentially the same. In the tests by Sanyal et al. on
Precambrian chert, hydraulic oil was used as a permeant, and
the upstream reservoir was pressurized thermally rather than
mechanically. Conductivities as small as 10 1° m/s were com-
puted with hydraulic gradients ranging up to 10%. Zoback and
Byerlee [1975] also tested Westerly Granite, Kranz et al.
[1979] tested Barre Granite, and Reda and Hadley [1985]
tested welded tuff, using essentially the same technique out-
lined by Brace et al. [1968].

The advantage of closed reservoir tests, i.e., the smallness of
the storage in the reservoirs, renders the assumption of quasi-
steady flow inappropriate in many instances. When shut in,
the reservoir storage is not always much greater than that of
the sample, and fully transient flow in the sample is possible.
While the quasi-steady assumption is probably justified for
rocks such as granite, which have small storage, Overman et al.
[1968], Miller et al. [1969], and Nightingale and Bianchi
[1970] used the quasi-steady analysis for clays, which have
significant compressive storage. Indeed, it appears that storage
effects led Miller et al. [1969] to incorrectly conclude that
their sample exhibited non-Darcian flow behavior. Neuzil et
al. [19817 analyzed the error associated with the assumption
of quasi-steady flow and showed that it could produce the
behavior Miller et al. [1969] observed, resulting in underesti-
mates of K.
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Hydraulic transient flow tests: The effect of storage in the
sample can be accounted for if the test is analyzed with the
transient groundwater flow equation in one dimension, which
may be stated as

2 ol
kTh_s o (0

02> ot

Compressive storage, which permits transient flow, is accoun-
ted for by the one-dimensional specific storage S, [L™!]. As
discussed later in this paper, (1) is strictly valid when no later-
al strain occurs in the specimen. With the appropriate bound-
ary conditions to describe the two-reservoir test methodology
of Brace et al. [1968], the solution of (1) can be used to
analyze fully transient flow. Lin [1978] and Trimmer et dl.
[1980] adopted this approach, using numerical solutions of
(1). Lin tested argillite of the Eleana Formation and measured
conductivities between 107 1* and 107 !® m/s with initial gradi-
ents across the sample ranging from 5 x 10% to 5 x 10*. Trim-
mer et al. tested crystalline rocks, obtaining conductivities as
small as 5 x 107" m/s.

The procedure used by Lin and Trimmer et al. requires
additional information about the storage properties of the
sample. In essence, S; must be independently determined from
more fundamental properties. Both Lin and Trimmer et al
determined these properties separately to analyze their tests.
Hsieh et al. [1981] and Neuzil et al. [1981] developed an
analysis and test methodology utilizing an analytical solution
of the equation for the test boundary conditions. Their
method permits both K and S; of the sample to be determined
from the test data. In a sample of the Pierre Shale, Neuzil e
al. [1981] measured K as 2 x 1072 m/s and S, as 8 x 107’
m ™~ ! with an initial gradient of 2 x 103

Variations of the test procedure for fully transient flow have
been used. Al-Dhahir and Tan [1968] obtained a solution for a
somewhat different test procedure. Their procedure requires
measurements of flow, negating much of the advantage of
shut-in transient tests. Gondouin and Scala [1958] used a simi-
lar analysis for testing shales but apparently based it on an
incorrect analogy with diffusion. R. H. Morin and A. W. Olsen
(unpublished manuscript, 1986) have described a technique
wherein a predetermined flowrate from a pump is abruptly
applied at the sample boundary. Analysis of the time depen-
dent pressure change at the boundary permits computation of
K and S,. Either positive or negative flowrate (injection or
withdrawal) may be applied, allowing determination of both
rebound and compression values of S..

Most if not all experimenters who have used the fully tran-
sient techniques discussed have used a constant lateral and
longitudinal load on the specimen. Some error, probably
small, may be expected as a result because of the no lateral
strain condition implicit in (1). A more appropriate experi-
mental design would fully constrain the specimen laterally
while applying a constant stress longitudinally.

Mechanical transient flow tests: The tests described so far
require one to measure (or pump) small rates of flow or to
measure reservoir pressure changes, which are a surrogate for
flowrate measurements. One can also perform tests which
permit determination of K and S, from the transient mechani-
cal behavior of the sample. Such tests have been mainly the
demesne of soil mechanics and have been developed for rela-
tively compressible media which can be described with stan-
dard consolidation theory. Thus the available methodologies
are appropriate for media with high loading efficiencies (see
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next section), although they could, with modification, be ap-
plied to less efficient media.

The study by Terzaghi [1923] of consolidation of low-
permeability media beneath foundations provided the deri-
vation of (1) well before it was developed independently by
Theis [1935] and Jacob [1940] for water supply applications.
Terzaghi’s derivation recognized that expulsion of pore fluid,
ata rate governed by the hydraulic conductivity, was required
for consolidation to proceed.

In a step load consolidation test [ Terzaghi, 1927; Lambe,
1951; Scott, 1963], the specimen is laterally constrained and
subjected to an abrupt loading which remains constant. Pore
water is permitted to drain at one or both ends. Solution of (1)
for the time dependent strain under appropriate boundary
conditions [Suklje, 1969] permits computation of the ratio
K/S, by comparing observed and computed strain. Specific
storage is computed from the porosity and observed com-
pressibility of the specimen. Hamilton [1964] and Bryant et al.
{19757 obtained hydraulic conductivities for deep sea sedi-
ments, and Wolff [1970] obtained conductivities for a clay
confining bed by analyzing consolidation data. Bredehoeft et
al. [1983] used consolidation tests to compute hydraulic con-
ductivity of the Pierre Shale. They obtained conductivities be-
tween 10~ ! and 10~ '* m/s with hydraulic gradients [see Mit-
chell, 1976, Figure 15.7] ranging as high as 10* to 10°.

Variations in testing methodology and analyses based on
less restrictive assumptions have been advanced as a variety of
mechanical test techniques. For example, the case of large
strain consolidation was analyzed by Gibson et al. [1967] as a
generalization of Terzahi’s [1923] theory. The application of a
varying load to maintain a constant strain rate was analyzed
by Smith and Wahls [1969]. Lowe ef. al. [1969] suggested a
test in which the applied stress is controlled to maintain a
constant hydraulic gradient, and Aboshi et al. [1970] describe
atest in which loading is changed at a constant rate. Znidarci¢
[1982] provides a summary of the various analyses and tests
which have been proposed.

Comparability: There is growing confirmation of the ability
of nonsteady flow techniques to reliably measure the per-
meability of many types of tight media. Mitchell and Younger
(19671, Wolff [1970], Mesri and Olson [1971], and Silva et al.
(19817 found reasonably gdod agreement between results of
steady state tests and values computed from step load consoli-
dation tests. Some systematic discrepancies have been report-
ed by others, but many are relatively minor or appear to be
attributable to special circumstances. Seaber and Vecchioli
[1966] called attention to permeabilities computed from step
load consolidation tests which were substantially smaller than
those from quasi-steady tests, but the differences may have
been due to the lack of any confining load during the latter.
Olson and Daniel [1981] also reported underestimates of K
obtained from step load tests. Using theoretical arguments,
Znidar¢i¢ [1982] suggested that inherent error of a few tens of
percent is likely in K determined in constant rate of strain
tests. In a rather thorough study of tight clays, Tavenas et al.
[1983] compared K computed from step load, constant strain
rate, and constant hydraulic gradient consolidation tests with
values form steady and open standpipe quasi-steady flow tests.
Constant strain rate and constant gradient tests gave values
which agreed, within a few tens.of percent, with directly mea-
sured values. Values computed from step load tests were usu-
ally too small by as much as a factor of 10.

Most instances where discrepancies arise between consoli-
dation tests and direct determinations of K involve highly
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deformable media such as clays. It is likely that because of the
high deformability, assumptions in standard consolidation
analysis are violated sufficiently to cause errors. Precise
measurement of K in highly deformable media is difficult with
any technique. As discussed by Smiles and Rosenthal [1968],
Smiles [1968], and Kharaka and Smalley [1976], large hy-
draulic gradients can result in varying degrees of consoli-
dation in the sample; during transient flow the hydraulic
properties being measured vary in time and space. Also, the
larger deformations during consolidation of soft materials
may need to be accounted for [e.g., Gibson et al. 1967]. De-
spite these potential problems, consolidation techniques seem
to be quite useful. At stresses of interest in most hydrogeologic
problems, media are sufficiently stiff that these difficulties are
not serious,

Few instances have arisen where it is possible to compare K
obtained from both hydraulic and mechanical transient tests
with steady flow measurements. Moreover, little attention has
been given to the comparability of specific storage, and there-
fore hydraulic diffusivity, derived from the two types of tran-
sient tests. One reason is that many tight media cannot be
tested with both types of transient techniques. Mechanical
tests are inappropriate for stiff media, such as argillites and
crystalline rocks, because only a small fraction of the mea-
sured strain is caused by fluid flow and resulting pore volume
change. Deformable media present the problems mentioned
above when tested with hydraulic transient techniques.

Comparative data are, however, available from tests on the
Pierre Shale. Because of its high loading efficiency but moder-
ate compressibility, it is amenable to testing by both consoli-
dation and transient hydraulic techniques. Bredehoeft et al.
[1983] presented preliminary data on the Pierre Shale. More
extensive data are now available and are presented in Figure
1. The hydraulic and mechanical transient flow tests (Figure
la) are in reasonable agreement. Despite a spread in the data,
they characterize K of the shale sufficiently well to be useful in
analysis of the flow system. Mechanical test data points at the
same stress level each represent a different sample. The spread
in Figure la may largely reflect a subtle lithologic diversity;
the variation in K with effective stress in a single sample is
generally quite regular. The hydraulic transient test data also
represent tests on several samples, some at multiple stress
levels. In these the variation in K with effective stress in a
sample was less regular.

The ability of the two different transient test techniques to
characterize S, and, by extension, hydraulic diffusivity of the
Pierre Shale (Figure 1b), is less satisfactory. In Figure 1b, diffu-
sivities computed from hydraulic transient tests tend to be
larger than those from mechanical transient tests (and thus S,
tends to be smaller) by as much as 2 to 3 orders of magnitude.
It has been recognized [e.g., Cooper et al, 1967] that the
response during a transient test is generally more weakly de-
pendent on S, than K; relatively large errors in S, are there-
fore possible. Many of the assumptions implicit in the descrip-
tion of transient flow provided by (1) are only approximately
satisfied, among them the assumptions of no lateral strain and
a perfectly elastic porous skeleton. While insufficient to
strongly affect computed K, the associated errors may
strongly affect computed S,.

Another shortcoming of currently available techniques is
their inability to measure small values of S, Small S, is found
in stiff rocks which cannot be tested mechanically, Hydraulic
transient tests are also unable to measure small S, because the
response curves become so similarly shaped that they cannot
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Fig. 1.

Hydraulic properties of the Pierre Shale derived from a steady flow test and trarisient hydraulic and mechani-

cal tests. The transient hydraulic test methodology used was that described by Hsieh et al. [1981] and Neuzil et al. [1981];
the transient mechanical tests were step load consolidation [e.g., Scott, 1963]. The data are plotted against effective stress
and an equivalent depth in meters using the convention that effective stress increases at approximately 1.3 x 10* Pa/m: (a)

hydraulic conductivity and (b) hydraulic diffusivity.

be distinguished and only K can be computed [Neuzil et al.,
1981]. Computation of hydraulic diffusivity under these con-
ditions is possible at present only with independent determi-
nations of rock and grain compressibility and porosity.

A distinction between hydraulic transient and mechanical
transient tests can be made on purely practical grounds. Of
the two, mechanical transient tests, and step load consoli-
dation tests in particular, are performed more routinely and
use more readily available equipment. Equipment require-
ments for the relatively newer hydraulic transient techniques
can be severe [e.g., Neuzil et al., 1981; Trimmer, 1982] and
relatively few sets of test equipment have been built.

Indirect estimates of permeability: Tt is sometimes possible to
estimate the permeability of tight materials using the relation
between permeability and other properties. Brace et al. [1968]
and Brace [1977] investigated the relation. between electrical
resistivity of saturated granite, its pore sizes, and permeability.
Brace et al. [1968] found a consistent relation between resis-

tivity and permeability in the Westerly granite which they
extrapolated to estimate the permeability at large confining
loads. Brace [1977] examined the theoretical relation between
the formation factor, pore hydraulic radius, and permeability
and showed that it held for a variety of porous media, includ-
ing tight crystalline rocks. Heard and Page [1982] estimated
permeability of the Westerly granite and Stripa granite at ele-
vated temperatures and pressures by relating it to changes in
porosity. Because microcracks transmitted the water, they re-
lated permeability to the cube of porosity.

The drawback of these techniques is that the information
needed to make the estimates is often difficult to obtain. For
example, establishing the relation between resistivity and per-
meability for the Westerly granite required Brace et al. [1968]
to make several permeability measurements. The relation dis-
cussed by Brace [1977] is more general but requires the pore
hydraulic radius, which is difficult to measure. The measure-
ments of porosity change used by Heard and Page [1982] are



NEUZIL: GROUNDWATER FLOW IN LOW-PERMEABILITY ENVIRONMENTS

also inconvenient to make. These techniques seem to be of
greatest value when the required data are already available or
when estimating permeabilities over a- wider range of con-
ditions than that for which measurements are available.

Measurement of loading efficiency: One- and three-
dimensional loading efficiencies represent the ratio of pore
fluid pressure change to external stress change for conditions
of one- and three-dimensional strain, respectively. In principle,
the one-dimensional efficiency, {, can be measured in a step
load consolidation test by measuring the internal pore pres-
sure increase at the moment of load application. In practice,
however, the measuring system disturbs the sample response
by acting as a fluid sink because of ‘its own compressive stor-
age. The result is a somewhat muted pressure response with a
time lag, Gibson [1963] has discussed these effects, and Whit-
man et al. [1961] and Perloff et al. [1965] have presented
transient flow analyses which account for them. Measuring
systems constructed to minimize storage have been used by
Hansbo [1960] and Mitchell and Y ounger [1967]. Mesri et al.
[1976] described tests to measure three-dimensional efficiency,
. They derived an expression for f for use in undrained tests
which accounts for the apparatus storage.

In situ measurement of hydraulic parameters. In situ testing
has a different significance in low-permeability environments
than in permeable ones. The volumes of tight rock tested
using in situ methods are larger than in-laboratory tests but
are still relatively small, particularly compared with those in-
volved in tests in permeable media. Perhaps more impor-
tantly, they are restricted to the region close to a borehole or
the boundary with a permeable formation; for practical test
periods a hydrodynamic disturbance penetrates only a small
distance into tight rock. The tests described in this section
involve the rock essentially at a point or along a line (borehole
tests), or over a surface at the boundary between a low-
permeability formation and one of significantly higher per-
meability (aquifer-confining layer tests). The primary advan-
tage of in situ procedures is thus the ability to test large one-

»-dimensional samples of tight formations. Tests of large

dimensional volumes cannot be made except, to a small

:, by relatively indirect methods which are also described
in this section.

As in the case of laboratory testing, standard testing tech-
niques are applicable, in principle, even when the permeability
is small. In practice, however, the problems of implementing
such tests can be severe. For example, the use of observation
wells is generally impractical because of the long time required
for the effects of injection or withdrawal to reach them. Simi-
larly, long periods are required for water levels in a well to
recover from pumping. ‘

Single borehole and periodic tests: The difficulty of using
observation wells in tight media dictates an important role for
single-borehole tests. Significant contributions to the theory of
single-borehole tests have come from both the geotechnical
and groundwater disciplines. Such tests may be categorized as
either slug (or recovery) tests or injection/withdrawal tests.

Slug tests are single-borehole tests carried out by abruptly
increasing or decreasing the fluid head in the well and observ-
ing the transient response as it returns to equilibrium. The test
was introduced by Ferris and Knowles [1954] using a line
source or sink to represent the borehole. Gibson [1963] was
the first to analyze the recovery from an abrupt head change
in a piezometer with storage; he obtained a solution for
spherically symmetric flow about a spherical piezometer tip.
However, the usefulness of the solution is limited because tests
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are often carried out through the walls of a cylindrical bore-
hole and because anisotropy may be expected to prevent the
flow from being spherically symmetrical in many instances. An
important advance was made when Cooper et al. [1967] gen-
eralized the earlier solution of Ferris and Knowles to account
for borehole or standpipe storage.

The slug test procedure of Cooper et al. [1967] is not itself
particularly suited to measuring small permeability. The rate
of response to a slug depends on the rate at which water flows
between borehole and formation and the storage in the bore-
hole or standpipe. When the transmissivity is small, the re-
sponse time can be inordinately long. This can be overcome to
some degree by decreasing the standpipe diameter. However,
practical limitations to the smallness of the standpipe render
the test impractically long if the transmissivity is very small.

To overcome this problem, Bredehoeft and Papadopulos
[1980] modified the analysis of Cooper et al. [1967] to accom-
modate a shut-in test procedure specifically designed for low-
permeability formations. This innovation closely parallels the
development of laboratory hydraulic transient techniques
which were discussed earlier. Interestingly, an analysis for a
shut-in slug test using a spherical piezometer tip had been
outlined earlier by Gibson [1963], but its significance seems to
have been overlooked. In a shut-in test, the storage in the well
is due to water and system compressibility, which is much
smaller than that due to water level changes in a standpipe.
The response time is proportionally reduced.

Shut-in slug tests of the type described by Bredehoeft and
Papadopulos [19807 were compared with conventional slug
tests and recovery techniques in moderately low permeability
rocks in New Mexico by Dennehy and Davis [1981]. In this
case the shut-in test gave a value for transmissivity approxi-
mately 10 times larger than the value from the open slug test.
This error may have resulted from the potentially erroneous
methodology outlined by Bredehoeft and Papadopulos;
Neuzil [1982] showed that the test procedure they described
did not ensured the necessary equilibrium condition at the
beginning of the test. Bredehoeft et al. [1983] used shut-in slug
tests in the Pierre Shale to measure hydraulic conductivities
between 4 x 10712 and 10~ ! m/s. The smallest transmissivity
they measured was 3 x 107! m?/s in a 70 m test section.

Injection/withdrawal tests were first discussed by Gibson
[1963] in a paper describing a constant head test. At the
initiation of such a test, fluid is injected or withdrawn,
changing the hydraulic head in the borehole or piezometer by
an arbitrary amount. Thereafter the flow is controlled to
maintain the arbitrary head constant. Analysis of the flow
with time permits computation of K and S,. As in the case of
his slug test analysis, Gibson’s [1963] solution applies to the
case of spherically symmetrical flow. Wilkinson [1968] later
considered three dimensional and purely radial flow to a cy-
lindrical borehole. He analyzed constant head tests in clays to
obtain in situ values of K ranging from 10”7 to 10™° m/s.
Mieussens and Ducasse [1977] used a similar test procedure to
measure in situ K ranging from 2 x 107% to 4 x 10™° m/s
with corresponding hydraulic diffusivity between 1076 and 8

x 107% m?/s. Mieussens and Ducasse also presented an
analysis for determining the anisotropy of K when a short test
section is located at the bottom of the borehole.

Periodic and related tests involve repeated stressing of the
well and observation of the outwardly propagating head
changes in one or more observation wells. An immediately
apparent disadvantage is the necessity of an observation well;
if the hydraulic diffusivity of the rock is small, the observation
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well may have to be impractically close to the excitation well
in order to obtain a measurable response.

One approach which is amenable to analysis is sinusoidal
pressure variations in the excitation well. The fluctuations
produced in the obervation well are damped in amplitude and
shifted in phase, both of which are characteristics of the for-
mation diffusivity. An analysis of the problem was presented
by Black and Kipp [1981] wherein they demonstrated the
practicability of the method in rocks with diffusivities as small
as 107* m?/s. Although rocks of reasonably small per-
meability may have diffusivity this large if the specific storage
is quite small, much smaller diffusivities characterize many
tight rocks. The technique therefore does not appear generally
applicable in low-permeability environments.

A similar procedure is the repeated application of pulses or
slugs in the excitation well. Walter and Thompson [1982] in-
vestigated this technique with the intention of applying it to
tight formations. In spite of the limitation of utilizing an ob-
servation well they were able to measure transmissivities as
small as 3 x 10”7 m?/s. It appears that the method would not
be useable for significantly smaller transmissivities.

Agquifer-confining layer tests: Among the earliest motiva-
tions for hydrologists to study the behavior of tight confining
layers was their influence on adjoining aquifers. The standard
(Theis) analysis of aquifer drawdown during pumping was
often seen to be inaccurate as a result of leakage from confin-
ing layers. This problem was first addressed by incorporating
quasi-steady state [Jacob, 1946; Hantush and Jacob, 1955;
Hantush, 1956] and then a more realistic transient [Hantush,
1960] confining layer leakage into the analytical solution for
drawdown in the aquifer. Although not intended for identify-
ing confining layer properties, Hantush’s [1960] analysis per-
mits computation of the product KS; for the confining bed
when sufficient data are obtained to distinguish among his
family of type curves. Bredehoeft et al. [1983] took advantage
of this ability to estimate properties of Cretaceous shales ad-
joining the Dakota aquifer in South Dakota.

A similar tack was taken by Witherspoon et al. [1962], with
the difference that their techniques was motivated specifically
by the desire to characterize the confining layers. Witherspoon
et al. argued that the measurement of aquifer drawdown by
itself was insufficient to provide good indications of confining
bed properties in many instances, an argument supported by
Bredehoeft et al. [1983, p. 42]. Instead, they suggested that
head measurements in the confining layer itself are desirable
and presented a technique for analyzing such a test. Over the
next several years this method was refined by Witherspoon and
Neuman [1967] and Neuman and Witherspoon [1968, 1969aq,
1969b, 1972]. Neuman and Witherspoon [1972] applied the
technique to an aquifer-confining layer system in California;
they determined diffusivities for the confining layers there to
be of the order of 10~° m?/s.

Wolff [1970] presented a slightly different approach to the
analysis of head data in a confining layer. He approximated
aquifer drawdown by a step function. Head changes in the
confining layer were matched to analytical type curves to
obtain the hydraulic diffusivity. Wolff obtained a value of
10~% m?/s for confining beds in Maryland. Wolff and Papado-
pulos [1972] presented a similar analysis for the case where
the confining bed is vertically inhomogeneous.

Indirect in situ determinations: As noted, the slow rate of
propagation of pressure disturbances in low-diffusivity rocks
means that only relatively small volumes of rock can be tested
in reasonable periods of time. This limitation can be bypassed
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to some extent where a well-documented disturbance has oc-
curred in the past.

Old excavations are analogous to load decrements in con-
solidation tests with the advantage that large volumes of rock
and periods of years or decades are involved. Bromwell and
Lambe [1968] instrumented a clay layer beneath a building
excavation in order to measure the fluid heads. Comparing
their head data with solutions of (1) from consolidation
theory, they estimated the hydraulic diffusivity of the clay as |
3.5 x 107% m?/s, a value 6 times larger than that obtained
using laboratory consolidation tests. Lutton and Banks [1970]
found subnormal heads in the clay shales near the Panama
Canal. The heads were apparently still responding to exca-
vation and resulting unloading which occurred 70 years before
the measurements. Like Bromwell and Lambe, they compared
theoretical behavior with observed to estimated in situ diffu-
sivities of 4 clay shale unit a few tens of feet thick. They
obtained values between 107° and 10~8 m?/s. Interestingly,
these values compared well ~with laboratory-determined
values, even though well-developed joints and slickensides
were present in the shales. Vaughan and Walbancke [1973]
used the same approach to compute the diffusivity of the
London clay beneath a 7-year-old highway cut. They com-
puted a diffusivity of the order of 10~® m?/s for the uppermost
few meters of the clay.

Riley [1970] estimated the hydraulic properties of low-
permeability lenses in an aquifer .by analyzing their strain
under changes in effective stress. Vertical strain in a 123-m
section of well bore was measured using an extensometer. Ef-
fective stress changes resulted from cyclically varied fluid head
in the aquifer, caused by agricultural pumping, and the subse-
quent groundwater flow between the lenses and the aquifer.
Riley’s analysis recognized the analogy between the field be-
havior and that in laboratory mechanical transient tests; in
essence, the observations were analyzed as large-scale consoli-
dation test data. The actual analysis was considerably compli-
cated by the complex nature of the stress changes and the
variability of the lens thickness. Riley estimated K of the
lenses as being 2.9 x 107! m/s. He distinguished between S,
under conditions of virgin consolidation, which he estimated
at 7.5 x 107* m~! and S, in the elastic range of deformation,
which he estimated at 9.3 x 10~¢ m~!. Numerical simulations
by Helm [1975] indicated, that Riley’s estimates were quite
reasonable. Helm [1976] also found that somewhat improved
agreement between computed and observed strain could be
gotten if stress dependent properties were used. Specifically,
his results suggested that K of the lenses could vary between
33x 107" m/s and 29 x 107*2 m/s with the observed
changes in stress.

Analysis of purely hydrodynamic stress and response is also
possible in aquifer-confining layer systems. In instances where
well documented hydraulic stresses on an aquifer have oc-
curred for an extended period, numerical simulation of the
system will permit estimation of the confining layer properties.
If a relatively long period of aquifer-confining layer interac-
tion is simulated, the estimated properties will reflect a pro-
portionally thick zone of the confining layer. Efficient numeri-
cal algorithms for simulating transient leakage from confining
layers are now becoming available [Herrera and Y ates, 1977,
Premchitt, 1981; L. Torak and R. L. Cooley, unpublished
manuscript, 1986] and should permit wider application of this
technique.

In situ testing: Discussion: The small volume of rock in-
volved in most in situ tests in low diffusivity rocks is a
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stronger disadvantage than may be first be realized [Faust and
Mercer, 1984; Moench and Hsieh, 1985]. The rock influencing
borehole tests, for example, is a narrow annulus surrounding
the borehole. This is the same region most subject to distur-
bance by drilling the hole; in tight media, permeability en-
hancement by mechanical disturbance is perhaps the most
likely effect of drilling, although permeability decreases caused
by clogging or by “smearing” soft formations is also possible.
This problem was first considered by Wilkinson [1967, 1968],
who suggested using an analytical solution by Gibson [1966]
to account for the effects of “smear” around a piezometer
during constant head injection tests. Faust and Mercer [1984]
and Moench and Hsieh [1985] have shown that slug tests will
be strongly influenced by the properties of such borehole
“skins” when the shut-in technique for tight formations is
used. i

Tests involving confining layers and aquifers are subject to
a similar disadvantage. To reduce the time for the test, the
piezometer in the confining layer tust be placed close to the
aquifer. However, the zone near the aquifer may not be repre-
sentative of the bulk of the confining bed, particularly if the
contact is gradational. There are also practical problems as-
sociated with these tests. It is difficult to precisely locate and
effectively isolate piezometers in a confining layer at depth.

Finally, it is worth noting that like laboratory tests in tight
media, and for analogous reasons, in situ tests have utilized
unrealistically large hydraulic gradients. In spite of these prob-
lems, the tests do offer the advantage of sampling large verti-
cal sections in the case of borehole tests and large areas in the
case of aquifer-confining layer tests. Inhomogeneities such as
those due to fractures, and which otherwise would be missed,
may be found with these tests.

Transient flow under experimental conditions. Published re-
sults of transient tests are remarkably consistent in one aspect;
in all instances, including media with some of the smallest
permeabilities yet measured, solutions of (1) appear to provide
good descriptions of test behavior. Results of consolidation
tests (except in very deformable media) have long indicated
this was the case in soillike media. The results of more recently
developed hydraulic tests, which depend more directly on the
flow, now provide stronger evidence that this is true, and for a
wide variety of lithologies. Laboratory tests in crystalline
rocks [Trimmer et al., 1980; Trimmer, 1982] and argillite [Lin,
1978] and both laboratory and in situ tests in shale [Neuzil et
al,, 1981; Bredehoeft et al., 1983] all were well described by the
appropriate solutions of (1). Thus, under experimental con-
ditions, (1) appears to be an adequate model of transient flow
even in the tightest rocks. ’

Nonhydraulic Flow Phenomena

A distinguishing feature of all tight media is the smallness of
the pores through which flow occurs. With a large fraction of
the pore fluid in close proximity to the solid surfaces, the
physicochemical phenomena which occur at the surfaces may
produce significant flow effects. These are not accounted for in
the Navier-Stokes flow model (on which the theoretical basis
of Darcy’s law rests [Hubbert, 19561) and are called nonhy-
draulic flow phenomena in this paper. Reported nonhydraulic
effects in tight media include those which indicate other than
direct proportionality between the hydraulic gradient and flow
(non-Darcian behavior) and those which indicate pore fluid
flow in response to driving forces other than the hydraulic
gradient (osmotic or coupled flow). Geologic media in which
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significant coupled flow occurs are called geologic membranes
in this paper.

Applicability of Darcy’s law. Over the past several decades
many experimentalists, including Deryagin and Krylov [1944],
von Engelhardt and Tunn [1955], Lutz and Kemper [1959],
Hansbo [1960], Miller and Low [1963], Mitchell and Y ounger
[1967], and others (see compilations by Kutilek [1972] and
Elnagger et al. [1974]) have reported apparently non-Darcian
behavior in low-permeability media. The effects reported in-
clude changes in apparent conductivity with hydraulic gradi-
ent and so-called “threshold gradients,” below which little or
no flow occurs.

Mechanisms suggested to explain non-Darcian behavior are
generally changes in the properties of water, such as viscosity,
near solid surfaces. Study of the physics of water lends some
support for this view. Several discussions of water properties
[e.g., Low, 1961; Mitchell, 1976, chap. 6; Forslind and Jac-
obsson, 1975; Clifford, 1975] note the large volume of evidence
for altered water properties near interfaces. However, the
nature of the changes and the distance they extend from the
interface are disputed. As Clifford [1975] notes, the nature and
behavior of water near boundaries “is one of the most contro-
versial aspects of the study of water.”

While reported deviations from Darcy’s law are numerous,
it is difficult to defend them from the suspicion that they are
due to subtle experimental errors. Many measurements were
made at or near the limit of resolution of the technique used.
Some investigators, most notably Olsen [1965], have been able
to demonstrate that some anomalies are almost certainly er-
roneous. Possible sources of error are numerous and include
error in measuring gradients [Olsen, 1965], small leaks
[Neuzil et al., 1981], bacterial and particulate clogging [e.g.,
Gupta and Swartzendruber, 1962], transient flow during a
steady flow test [Olsen, 1962; Smiles and Rosenthal, 1968;
Smiles, 1969; Pane et al., 1983], changes in the solid matrix
[e.g., Miller and Low, 1963; Olsen, 1966, Hansbo, 1960], and
gas generation and dissolution [Fettke and Copeland, 1931;
Olsen, 1962]. Discussions of many of the various possible
errors are presented by Mitchell and Younger [1967] and
Olson and Daniel [1981]. Interestingly, another type of nonhy-
draulic flow phenomenon, osmosis, is often credited with pro-
ducing effects mistaken for non-Darcian behavior [Went-
worth, 1944; Kemper, 1960; Low, 1961; Bolt and Groenevelt,
1969; Jackson, 1967; Miller et al., 1969]. In particular, Olsen
[1969, 1985] presents persuasive evidence that chemical or
electrical potential gradients are generated internally in argil-
lacous specimens during hydraulic flow tests, causing osmotic
in addition to hydraulic flow. His experiments in kaolinite
display a linear relation between flow and hydraulic gradient
which remains consistent when the gradient and flow are re-
versed. However, under a hydraulic gradient only, the trend of
the data does not pass through the origin. By applying exter-
nal chemical or electrical potential differences, the trend could
be adjusted to intersect the origin. Olsen [1985] concluded
that the applied external osmotic forces cancelled those gener-
ated internally, eliminating the osmotic flow. This seems to
offer a rational explanation for many reports of a threshold
gradient without appealing to non-Darcian flow.

Other negative evidence for the existence of true non-
Darcian flow in experiments to date include (1) carefully con-
ducted experiments, such as those of Olsen [1965] and Smiles
and Rosenthal [1968] which exhibited Darcian behavior and
(2) the fact that there is little consistency in the types and
magnitudes of reported anomalies [see Kutilek, 1972]. A rea-
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Fig. 2. Plot of measured hydraulic conductivity versus the hydraulic gradient or range of gradients used to obtain the
measurement. Tests were steady flow unless noted. Data are from (1) Morrow et al. [1981]; (2) Young et al. [1964]; (3) Lin
[1978] (hydraulic transient test); (4) Brace et al. [1968] (quasi-steady test); (5) Ohle [1951a]; 16) Trimmer et al. {1980]
(hydraulic transient test); (7) Silva et al. [1981]; (8) Pearson and Lister [1973]; (9) Overman et al. [ 1968] (quasi-steady test);
(10) Piwinskii and Netherton [1977]; (11) Olsen [1966]; (12) von Engelhart and Tunn [1955]; (13) Fettke and Copeland
[1931]; (14) Fancher et al. [1933]; (15) Meinzer and Fishel [1934] and Fishel [1935]; (16) Kharaka and Smalley [1976].

sonable conclusion at present is that the case for observed
non-Darcian behavior in experimental data is weak, an opin-
ion also voiced by Mitchell [1976, p. 350]. Some deviations
are always likely in any difficult measurements. It is probable
that the bias of the experimenter influences whether deviations
from predicted behavior are viewed as anomalies or as experi-
mental error and noise.

Nonetheless, it would be premature to dismiss the possi-
bility of unanticipated flow behavior in low-permeability
media. This is simply because we lack experimental data for
flow in tight media under realistically small hydraulic gradi-
ents. As we have seen, extremely large hydraulic gradients (up
to the order of 10%) have been utilized in order to produce
measurable flow rates. Various refinements such as shut-in
transient flow methods have been introduced, but with the
object, it seems, of reducing the time necessary for testing
[Hsieh et al., 1981] and permitting computation of specific
storage rather than reducing the applied head gradient. As
useful as these advancements have proved to be, the hydraulic
gradients they require are still large.

Several workers [Olsen, 1966; Mitchell and Y ounger, 1967,
Smiles and Rosenthal, 1968; Gairon and Swartzendruber, 1975;
Olson and Daniel, 1981; Pane et al., 1983] have recognized
that the artifical conditions created by high gradients may
affect flow behavior. Without experimental observations, the
applicability of Darcy’s law at small gradients can only be
inferred. The gap in observational data is clearly illustrated by
Figure 2, which is a plot of measured K versus the hydraulic
gradient, or range of gradients, used in tests described in the
literature. Referring to Figure 2, we see that by taking 1 as an

upper limit for representative in situ hydraulic gradients, our
observation of flow behavior under these conditions extends
to K no smaller than approximately 10~° m/s. Flow over
nearly the entire range of low permeability, as defined in this
paper, has not been observed under realistic gradients. At the
lowest permeabilities, flow has been measured only with gradi-
ents several orders of magnitude larger than any in nature.

Because of this observational gap, the use of Darcy’s law to
describe flow under these conditions represents a hypothesis;
to be on firm analytical ground, it should be tested. It is
therefore desirable to extend experimental observation of flow
behavior to gradients representative of in situ conditions.
There are two possible approaches: (1) devising methods for
measuring smaller flow rates between reservoir and sample,
and (2) developing techniques for monitoring transient fluid
pressures within a sample during transient flow testing. At
present, the smallest flow rate measurements have apparently
been achieved using a hydraulic transient flow test (Figure 2,
data set 3), while steady flow tests have measured flow rates
approximately 10 times larger. However, steady flow tests may
offer the best chance for significant improvement, particularly
with small flow rate pumps, as suggested by Olsen et al.
[1985]. Steady flow tests also have the advantage of greatest
simplicity and generality. Accurate measurement of transient
pore pressures within a sample has been limited by storage in
the measuring systems and the technical difficulty of the
measurements [Ortiz, 1986].

Coupled flow in geologic membranes. The problem of appli-
cability of Darcy’s law, as addressed in the previous section, is
distinct from that posed by flow in geologic membranes or
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media in which coupled flow is significant. In the theoretical
framework of coupled flow, developed through irreversible
thermodynamics [e.g., Katchalsky and Curran, 1967] Darcy’s
law is generally held to apply as a special case to describe the
flow in response to a hydraulic gradient only.

Experimental experience indicates that certain tight geolog-
ic materials, notably argillaceous media, behave as mem-
branes; they exhibit coupled flow. This refers to the fact that
flows of one kind are caused by driving gradients of another
kind, For example, fluid flow in these media is found to be
driven not only by hydraulic head gradients (hydraulic flow)
but also, through coupling, by gradients of chemical and elec-
trical potential and of temperature [Mitchell, 1976]. This
nonhydraulic fluid flow as a result of coupling is called os-
mosis. Coupling also exists between all of the driving gradi-
ents mentioned and flows of solute, electrical charge, and heat.
The flows, J,, are usually assumed to be linearly related to the
gradients X, as expressed by [Katchalsky and Curran, 1967,
Bear, 1972]

Ja= Y LgXy, i=1,2 s=p 2
k=1
where the subscripts i and k indicate the various types of flows
and driving gradients, respectively, and their coupling coef-
ficients. The driving gradients X, and flows J; which are im-
portant in geologic media are vector quantities, while the cou-
pling coefficients L, may be scalar or tensor quantities (one
such quantity is hydraulic conductivity). Onsager’s relations
[Katchalsky and Curran, 1967; Bear, 1972] suggest that the
coefficients L, are related as

Ly =Ly ()

By analogy with hydraulic conductivity, the coefficients for
osmotic flow may be thought of as conductivity coeflicients of
a special sort. Thus, for example, the coefficient linking fluid
flow to the gradient in chemical potential may be considered a
chemical osmotic conductivity.

Of most direct concern in this paper is the flow of ground-
water described by (2) (hydraulic flow and osmosis). However,
the other flows described by (2) are also central to the prob-
lem. For example, flows of solute and electrical charge alter
the chemical and electrical ‘potential fields, in turn affecting
chemical osmosis and electroosmosis.

Flow of chemical solute is of particular interest in geologic
membranes. The appropriate form of (2) will show that the
flow of solute relative to the pore fluid is caused by several
driving forces, including the hydraulic gradient. The latter
coupling with the hydraulic gradient is manifested as the rela-
tive retardation of solutes when solutions flow through a
membrane, a phenomenon known as ultrafiltration, hyperfil-
tration, or reverse osmosis. The coefficients governing osmosis
and ultrafiltration are related by (3) (see the discussion by
Katchalsky and Curran [1967, pp. 119-126]).

The ratio of chemical osmotic conductivity and hydraulic
conductivity can be shown to be a measure of the membrane’s
ability to exclude, or filter, solute [Katchalsky and Curran,
1967]. Called the reflection coefficient or osmotic efficiency,
this ratio is one for perfect membranes (complete exclusion of
solute) and less than one for “leaky” membranes. A heuristic
explanation of ultrafiltration can also be given in terms of the
exclusion of ions from small pores by electrical properties of
the clay [e.g., Kemper and Evans, 1963; White, 1965; Green-
berg, 1971; Mitchell, 1976].
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Laboratory experiments by many workers have shown that
many clays and argillaceous rocks exhibit the properties de-
scribed above. As early as 1948, Wyllie [1948] showed that
shale samples exhibited the electrical properties of membranes.
Ultrafiltration was demonstrated in bentonite by Kemper
[1960] and in bentonite and other clays by McKelvey and
Milne [1962]. Hanshaw [1962] demonstrated the ultrafiltra-
tion and electrode properties of montmorillonite and illite.
Electroosmotic and thermoosmotic flow of the pore fluid were
observed in a saturated soil by Taylor and Cary [1960]. Os-
motically developed pressures were observed in bentonite and
reconstituted shale by Kemper [1961], in bentonite by Kemper
and Rollins [1966], and in undisturbed argillaceous rocks by
Young and Low [1965]. The latter experiments are important
because they used natural rather than prepared or reconstitu-
ted samples. These and other of the earlier experimental inves-
tigations are discussed by Berry [1969].

More recently, ultrafiltration properties of various argil-
laceous materials were demonstrated by Kharaka and Berry
[1973], Kharaka [1973], Hanshaw and Coplen [1973] and
Fritz and Marine [1983]. Osmosis and related coupled-flow
behavior were reported by Olsen [1969, 1972] Letey and
Kemper [1969], Dirksen [1969], Kemper and Quirk [1972],
Srivastava and Avasthi [1973] and Elrick et al. [1976]. Coplen
and Hanshaw [1973] demonstrated the fractionation of certain
isotopes by clay cakes. Benzel and Graf [1984] showed that
clay fabric affects the osmotic efficiency, and Haydon and Graf
[1986] observed an increase in osmotic efficiency of clay cakes
with tempertatire.

The general applicability of (2) and (3) in-geologic media is
not established, but some studies have shown them to hold for
the specific conditions and media tested. In kaolinite cakes
subjected to varying chemical, electrical, and hydraulic gradi-
ents Olsen [1969, 1972] found that (3) was valid as well as the
linearity expressed by (2). Letey and Kemper [1969] likewise
found (3) to be valid in the bentonite cakes that they subjected
to chemical and hydraulic gradients,

There are also indications of deviations from (2) and (3).
Milne et al. [1964], Kharaka [1973], and Kharaka and Smal-
ley [1976] found that osmotic efficiency varied with applied
hydraulic head in their tests of bentonite cakes. Because os-
motic efficiency is the ratio of the chemical osmotic and hy-
draulic conductivities, these data indicate that one or both can
vary under the conditions of the tests. While (2) and (3) may
be useful descriptions, it appears that this variability must be
considered.

The most important coupled flow phenomena in geologic
environments appear to be those involving chemical and elec-
trical gradients and flows. Dirksen’s [1969] experiments indi-
cated that thermoosmosis is significant in clays only when
thermal gradients are of the order of 1°C/m, a condition at-
tained only in a few geothermal areas. Hydraulic, chemical,
and electrical phenomena appear to be intimately and intrica-
tely related in argillaceous materials [Kemper et al., 1972;
Elrick et al., 1976; Olsen, 1985]. For example, Elrick et al.
[1976] showed that concentration differences across a mont-
morillonite cake induced not only a pressure difference but
also an electrical potential difference across the cake. The elec-
troosmotic effects associated with chemical osmosis are some-
times sufficient to cause flow of water toward smaller solute
concentrations, an effect known as negative osmosis. Negative
osmosis in clay cakes was observed by Kemper and Quirk
[1972].

While these phenomena are demonstrable in the laboratory,
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their mechanisms are complex; various theoretical expla-
nations of observed behavior have been suggested by Kemper
[1960, 1961], Kemper and Evans [1963], Hanshaw [1962],
Kemper and Rollins [1966], Kemper et al. [1972], Kemper and
Quirk [1972], Kharaka and Berry [1973], Groenevelt and
Elrick [1976], Groenevelt et al. [1978], and Marine and Fritz
[1981], among others. Although this work is important for
understanding the mechanisms of coupled flow phenomena, it
has limited predictive applicability in groundwater systems
because of its complexity. A phenomenological approach, as
used by Letey and Kemper [1969] and Olsen [1969, 1972]
seems to offer more promise. Instead of attempting to eluci-
date the chemicophysical phenomena involved, the latter ex-
perimentalists sought to test the applicability of (2) and (3) and
to measure the coupling coefficients in specific systems. If the
phenomenologic laws described by (2) and (3) apply in geolog-
ic membranes, then, in principle, the associated groundwater
flow can be understood if the appropriate values of the cou-
pling coefficients can be measured, their variability deter-
mined, and the driving gradients mapped.

Measurement of coupling coefficients: Like hydraulic con-
ductivity, measurements of coupling coefficients can be made
using a variety of techniques, including direct measurement
with (2). Tests using (2) analyze steady state flow and are
analogous to steady state hydraulic tests to determine K. This
approach has been used almost exclusively; little development
of transient testing techniques has been done. The equation
for water flow may be written in the form of (2) for hydraulic,
chemical, and electrical driving forces as [Olsen, 1972; Green-
berg, 1971]

¢

q= —KVh —

VC,— K, VE 4)

s

where C, is the concentration of dissolved solids [M/L>], E is
electrical potential [L°M/QT?*], and K,J[L*T] and
K_[QT/M] are coupling coefficients (Q denotes units of elec-
trical charge). If dissolved concentrations are high, it may be
necessary to cast (4) in terms of activities rather than con-
centrations. Equation (4) describes fluid flow within the the
membrane. Experimentally, however, it is difficult to measure
the quantities of interest within a tight sample. As in per-
meability determinations, the conditions external to the
sample are most readily monitored. For this purpose (4) may
be rendered in difference form as

K K, Q4 R
q=—— Ah — In = AE (5)
L L Cp, L

where C, and Cj are the solute concentrations on either side
of a membrane of thickness L. Linear (steady state) gradients
in solute concentration generally are not attained during test-
ing if the sample is of appreciable thickness. However, the
relation between fluid flow and external concentration differ-
ences implied by (5) applies even for nonlinear concentration
gradients within the membrane when the net fluid flux is zero,
which is the usual experimental condition.

Equation (5) and similar equations may be used in a variety
of experimental configurations to measure the coefficients.
This approach was used by Olsen [1969, 1972] to measure K,
K. and K, in kaolinite cakes. Olsen [1972] found that under
increasing effective stress, K, K,, and K, all decreased, but the
decrease in K was greatest. At 0.1-MPa load, K was 1.3

x 1078 m/s, K, was 7.0 x 107° m?/V s, and K, was 9.8
x 107! m?%/s; at 70 MPa, K was 1.6 x 107 !! m/s, K, was
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25 x 107 m?/V s, and K, was 4.3 x 107'? m?/s. Letey and
Kemper [1969] made similar determinations in a bentonite-
water-salt system. Their results at unspecified load suggest
that K, was 1.1 x 10~ ' m?/s for their system. Mitchell [1976,
p- 355] has tabulated several values of K, for geologic medis,
nearly all of which fall in the range 107° to 1078 m?/V's.

Equation (4) and the analogous equation for solute flow
may be combined with statements of mass conservation for
solution and solute to obtain descriptions of transient behav-
ior associated with coupled flow (see the discussion of large-
scale membrane effects). One such transient phenomenon i
osmotic consolidation of a membrane, which occurs when os-
mosis causes water to flow out, producing a mechanical strain,
Both chemical and electrical osmosis have been observed to
produce this effect [Greenberg, 1971; Mitchell, 1976]. Green-
berg [1971] analyzed chemicoosmotic consolidation to com-
pute coupling coefficients. Results of tests using bentonite
cakes at 0.1-MPa loading_suggest a K, of 6.5 x 107! m%s
with a K of 2.2 x 10~ m/s.

The results cited, particularly Olsen’s [1972], are intriguing
because they indicate that coupling is significant at moderate
depths in clays with only moderately low K and that its rela-
tive importance may be evén greater in tighter materials and
at greater depths. However, despite this extensive body of ex-
perimental evidence, the significance of coupled flow in situ
remains controversial (see the discussion of large-scale mem-
brane effects). A question arises as to whether further experi-
mental work is likely to play a significant role in resolving the
issue of large-scale behavior in situ. This may be related to
waning activity in this line of investigation during the last
decade. :

While further experimental work alone is not likely to re-
solve questions surrounding larger-scale problems, certain ex-
tensions of the experimental groundwork appear to be not
only desirable, but necessary. The lack of data for coupled
flow in undisturbed geologic media under in situ conditions is
particularly conspicuous. Other important questions requiring
experimental investigation include (1) under what conditions
the phenomenologic relations (2) and (3) are adequate, (2) how
coupling coefficients vary on what they depend, (3) how the
clay mineralogy (e.g., kaolinite versus montmorillonite) affects
the values of the coupling coefficients, (4) whether coupling
coefficients exhibit significant anisotropy, and (5) in systems
with several different ions, the nature of their interaction.

Important questions also surround coupled flow behavior
within the membrane medium itself, particularly when this
behavior is transient. Experimental techniques utilized so far
for the study of geologic membranes have been limited in this
respect. Specifically, they have utilized only observations of
conditions external to the membrane, and, with the exception
of osmotic consolidation studies by Greenberg [1971], they
have considered only steady flow. Thus there is a dearth of
direct information on transient behavior within the membrane
with which to compare theoretical predictions.

If coupled flow proves to be a significant component of
certain flow systems, an understanding of these systems will
require answers to the questions posed above. Problem specif-
ic testing, like that routinely done for hydraulic properties, wil
also be required to determine the values of the coupling coef-
ficients. This is because of the multiplicity of factors affecting
the coefficients, which include effective stress, absolute dis-
solved concentrations, the paticular ions involved, both ab-
sorbed and in solution, the lithology of the membrane, and,
presumably, spatial changes in the type as well as the con-
centration of ions.
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LARGE LOW-PERMEABILITY FLOW SYSTEMS

... and man, who finds himself constrained by the want of time,
or of space in almost all of his undertakings, forgets, that. in
these, if in any thing, the riches of nature reject all limitation.

Playfair [1802, p. 137]

As suggested in the introduction, farge-scale groundwater
movement in regions known to have low permeability on a
small scale is problematical. This is particularly true when the
flow is transient, because the flow dynamics are difficult, if not
impossible, to observe. Indeed, it may be difficult to determine
whether or not the groundwater flow is transient and which
are the relevant driving processes. “Large scale” is applied
here to size and time scales significantly larger than those
involved in direct testing, and ranging upward to encompass
regional flow and geologically significant periods of time.

The motivation for attempting to analyze large-scale flow in
low-permeability environments can be conveniently con-
sidered within the framework of prediction problems, inverse
problems, and detection problems. Prediction has obvious sig-
nificance for certain purposes, such as isolation of toxic
wastes. The inverse problem is highly significant in low-
permeability environments because it may be the only way of
estimating parameter values appropriate at large scale. Few
analyses have been posed as detection problems, in which one
attempts to understand past stresses on the system from its
current condition. However, it may be a useful approach in
some instances; an example is detection of cumulating me-
chanical strains as evidenced by fluid pressures.

Despite such a classification, the problems, in reality, are
closely interrelated. One may attempt to sort out the flow
processes which are responsible for current conditions in a
low-permeability system. This will lead to a better understand-
ing of the flow history, the chemical evolution of the ground-
waters, and the relation of the groundwaters to the geologic
evolution of the system. As a corollary, if the history can be
understood, it may also be possible to improve predictions of
behavior for significant periods of time in the future.

Having considered experimental investigations of low-
permeability flow in the first part of this paper, we are in a
position to examine their results in relation with efforts to
analyze large flow systems. We earlier recognized experimen-
tation and testing which addressed two types of questions.
One line of inquiry concerns the nature of flow laws and
constitutive relations controlling groundwater movement in
tight media, while the other accepts the premises of standard
mathematical models of groundwater flow and seeks to evalu-
ate the parameters in these models. The extension of small-
scale observations to large-scale analysis may be considered in
a parallel fashion.

Let us first examine our understanding of the nature of
low-permeability flow, as derived from experimentation, in
refation with large-scale theoretical analyses to date. The fol-
lowing broad generalization can be drawn:

. Hydraulic gradients appear to cause flow in accordance
with Darcy’s law at all observed gradients, but realistically
small gradients have not been tested. In the absence of direct
observations of flow behavior at reasonable in situ gradients,
most investigators, whether conscious of the problem or not,
have assumed that Darcy’s law forms an adequate basis for
analysis. In view of the evidence at present, this is the more
conservative approach. However, the readiness with which
this premise is accepted undoubtedly stems from the demon-
strable success of Darcy’s law in more permeable media over
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the range of in situ gradients. A few analyses have been made,
which will be mentioned, using relations other than Darcy’s
law.

2. Transient flow under experimental conditions is well
described by the same mathematical descriptions widely used
for more permeable media, one form of which is expressed by
(1). The underlying model assumes linear elastic deformation
of the solid skeleton in response to changes in effective stress.
This is a poor assumption over the long periods of interest in
large-scale systems. It has, nonetheless, formed the basis for
most analyses. This can be laid to its successful application in
conventional groundwater studies, familiarity of descriptions
such as (1), and the suite of solutions available. There has also
been a lack of consensus on the need for a more complex
model and the form it should take.

3. Nonhydraulic coupled flow is often experimentally sig-
nificant in argillaceous media. With few exceptions, however,
quantitative analyses of flow in argillaceous environments
have ignored osmosis and other coupled flow phenomena.
There are at least three possible reasons for this. First, there is
a great deal of uncertainty related to extrapolating laboratory
experience to field scales and subsurface environments, leaving
unanswered the question of its significance in situ. Second,
ignoring coupled flow has often been a matter of expedience;
it significantly complicates the analysis, is imperfectly under-
stood, and has data requirements which are difficult to meet.
Third, abundant experience with more permeable media, in
which coupled flow is demonstrably unimportant, may have
increased acceptance of the assumption of insignificant cou-
pling.

Next, consider the relation between experimentally mea-
sured parameters and their large-scale counterparts. There is a
need for estimates of parameters which describe large volumes
of rock over long periods of time if large-scale flow is posed as
a prediction or detection problem. Aside from estimates of
regional K which can be made in certain steady flow systems
and indirect techniques such as geochemical studies, data from
short-term tests involving relatively small volumes of rock
provide the only information about these properties. For
lithologic types or for specific formations these data suggest
ranges of values for the large-scale parameters.

Experimental data are helpful in suggesting minimum per-
meability values for large volumes of rock because fractures
and other discontinua tend to increase the aggregate value.
Extrapolation to field scale thus involves an uncertain size
scale dependency for K. Brace [1980, 1984] has compiled lab-
oratory and in situ permeability measurements for argil-
laceous media and crystalline rocks. His compilation suggests
that in argillaceous media, K can range as small as 10™'° m/s
and in crystalline rocks as small as 107 m/s. He notes that
while K may not increase drastically with scale in argillaceous
media, it often does in crystalline rocks because they can
maintain transmissive fractures. Walder and Nur [1984] have
argued, however, that large volumes of low-permeability crys-
talline rock can exist at depth because fractures fill or heal.

For transient flow, the quantity K/S,, known as hydraulic
diffusivity and here denoted «[L2/T1, is more significant, Few
comparisons of measured x in tight media are available.
Therefore I have compiled from various sources measured
values of x for a variety of tight lithologies; these are shown in
Figure 3 plotted against depth or equivalent effective stress.
The bulk of these data are from transient laboratory tests
discussed earlier. A few were determined using in situ tech-
niques. The difficulty of reliably determining S; and therefore
Kk by experimental techniques should be borne in mind when
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Fig. 3. Measured hydraulic diffusivity (x) for a variety of low-permeability media plotted against effective stress during

the measurement and the equivalent depth. Most data were obtained from laboratory tests. Data are presented for
London clay [Vaughan and Walbancke, 1973], Tertiary clay [Wolff, 1970], clay aquitards in California [ Neuman and
Witherspoon, 1972], Bearpaw Shale and Morden Shale [ Balasubramonian, 1972], Fort Union Shale [Smith and Redlinger,
1953], Cucaracha Formation and Culebra Formation [Lutton and Banks, 1970], Pierre Shale [Bredehoeft et al., 1983; C.
E. Neuzil, unpublished data, 1986], Eleana argillite [ Lin, 1978}, and Westerly Granite and Creighton Gabbro [ Trimmer et
al,, 1980]. D. Trimmer kindly supplied additional data necessary for computing the diffusivity of the granite and gabbro.
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Fig. 4. Plot comparing experimental values of vertical compress-
ibility of sedimentary media with in situ values derived from observed
porosity-depth relations in sedimentary sequences. The shaded region
encloses all experimental data from sources cited by Neuzil [1985].
Curve A was computed from porosity data for the Gulf Coast pre-
sented by Dickinson [1953]; curve B is from a representative porosity-
depth relation suggested by Cathles and Smith [1983]. The convention
that effective stress increases at approximately 1.3 x 10* Pa/m was
used to compute curves A and B and to plot the experimental data on
an equivalent depth scale.

interpreting these data. Figure 3 suggests that experimental
for argillaceous media often lies in the range of 107° to 10”’
m?/s, while that of intact crystalline rocks tends to be some-
what larger because of their small specific storage and lies in
the range of 107 to 1073 m?%/s.

The relation between these data and the appropriate large-
scale values is more equivocal than in the case of hydraulic
conductivity; unlike K, these data may not indicate minimum
values for large volumes. While the size scale dependence of
is important, the uncertainty associated with laboratory values
of S, is mainly its time scale dependence. This is an artifact of
the choice of transient flow model, as elaborated below.

The parameter S, is defined using elastic constants. How-
ever, it appears that (1) geologic media deform viscoelastically
over long periods, and (2) the equivalent, or effective, elastic
compressibility needed to account for the long-term vis
coelastic deformation can be significantly larger than the ex-
perimental compressibility. Viscoelastic deformation is known
experimentally [e.g., Suklje, 1969] and from settlement of
structures, [ Bjerrum, 1967] but extrapolation of this observed
behavior much beyond a human time scale is uncertain. A
better indication of the potential significance of viscoelastic
effects is provided by geological evidence. Porosity-depth pro-
files permit computation of effective long-terth compressibility
if one assumes that porosity decrease with depth is due solely
to one-dimensional mechanical compression. Figure 4 is a plot
comparing vertical compressibility computed from repre-
sentative porosity profiles in -sedimentary sequences with ex-
perimental values for sedimentary media obtained from pub-
lished sources. Figure 4 suggests that effective compressibility
over geologic time may exceed experimental values by 1 to 3
orders of magnitude. The effective long-term compressibilities
computed in this fashion may be too large because the poros-
ity changes in situ can also reflect extraneous effects such as
diagenesis and horizontal strain. Nonetheless, the data
strongly suggest that there is significant viscoelastic defor-
mation over geologic time in sedimentary media; if we choose
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to apply models based on elastic behavior, the corresponding
effective values of S, can therefore be substantially larger than
experimental values. Thus the data in Figure 3 should be
viewed with the understanding that the effective values of «
may be either larger or smaller. Loading efficiencies, which are
also defined with elastic constants for the solid skeleton, are
probably also significantly greater over long periods of time
than laboratory data suggest.”

Analyses of large-scale low-permeability systems are limited
to varying degrees by the problems discussed above. The fol-
lowing sections consider analysis of large-scale systems with
steady state, transient, and nonhydraulic flow, respectively.
These are followed by a discussion of the problems of site
specific studies.

Steady Flow in Low-Permeability Environments

Attainment of steady flow in a low-permeability flow system
is favored by a stable geologic setting, small S, and small
dimensions. An important instance where steady flow is often
assumed to be occurring is in strata confining undeveloped
aquifers. Indeed, the earliest recognition of low-permeability
formations seems to have been in their role in steady state
flow systems as confining layers. Chamberlin [1885] and
Darton [1909] were among the first to recognize the signifi-
cance of steady state leakage through confining layers.

Walton [1960, 1965] was probably the first to attempt to
quantify steady state leakage through confining layers. To do
this, he analyzed transient pumping test data to characterize
the vertical permeability of the confining layers. His results
can be questioned because he used an analysis [Hantush and
Jacob, 1955] which did not allow for confining layer storage.
However, his work provided an early indication of the large
fraction of the flow which can leak through confining layers.

Steady state flow presents the possibility of determining the
regional K of the tight units. The flow in the system is deter-
mined by the geometry of the aquifer and confining layer, the
boundary conditions, aquifer conductivity, and leakage
through the confining layer. Thus, if one knows the head in
the aquifer, leakage through the confining layer (and thus K)
may be estimated if the other properties are known.

This approach has recently been used in a number of stud-
ies of tight confining layers. Bredehoeft et al. [1983] studied
the Cretaceous shales confining the Dakota aquifer in South
Dakota. Quasi-three-dimensional numerical simulations of the
flow in the aquifer-confining layer system over an area of
3 x 10° km? indicated that most of the flow through the aqui-
fer system occurred as leakage through the confining layers.
Further, the hydraulic head in the aquifer was strongly con-
trolled by this leakage. Bredehoeft et al. [1983] found that the
regional K of the composite confining layer was 6 x 107!
m/s and that for the individual shales it ranged from a low of
5x107'2 m/s at depth to 2 x 107° m/s near the surface.
Interestingly, these regional values were as much as a factor of
10% larger than laboratory and in situ determinations of K of
the shale. Bredehoeft et al. [1983] and Neuzil et al. [1984]
interpreted this result as indicating fracture enhancement of
the regional K. Wirojanagud et al. [1984] and Senger and
Fogg [1984] analyzed the flow system in the Palo Duro basin,
Texas, using quasi-three-dimensional and vertical two-
dimensional simulations, respectively. Like Bredehoeft et al.
[1983], they concluded that leakage through an extensive con-
fining layer, in this case composed of evaporites, constituted a
large fraction of the flow in the system. The simulations pro-
vided an estimate of 107'2 m/s for the regional K of the
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evaporites. This is close to the value suggested by small-scale
testing. Belitz [1985] analyzed flow in the Denver Basin which
contains a thick, low-permeability sequence of Cretaceous
shales. Because of the nature of the flow system there it was
possible only to determine a maximum regional K of approxi-
mately 3 x 107 '2 m/s for the sequence. Butler [1984] simulat-
ed flow in the Williston Basin and obtained estimates of con-
fining layer K. However, his estimates may be inaccurate be-
cause of an assumption of steady state conditions soon after
development of the aquifers.

As valuable as these regional determinations are, they repre-
sent such large volumes of rock that behavior at intermediate
scales is problematical. While Bredehoeft et al. [1983] show
the probable presence of fractures which enhance the shale
permeability, Neuzil et al. [1984] suggest that large blocks of
lower-permeability shale may exist between the fractures.
They hypothesize that fractures may dominate the regional
leakage across the shales at near-steady state conditions while
much more slowly responding transient conditions exist in the
blocks.

The determination that steady state flow indeed exists in a
large volume of tight rock is not easy to make. Bredehoeft et
al. [1983] argued the likelihood of steady state flow conditions
in the Dakota aquifer confining layers on the basis of their
geologically stable setting. The Denver Basin, simulated by
Belitz [1985] as being at steady state, has in fact often been
interpreted as being transient [e.g., Ottman, 1984]. In these
instances, as in most, knowledge of hydraulic head within the
low-permeability units is insufficient to make firm interpreta-
tions. One can only demonstrate, as Belitz [1985] did, that
observed conditions are consistent with a steady state system.

Persistence of Transient Flow

One of the more interesting and challenging aspects of low-
permeability environments is transient flow on a large scale.
Many of the “anomalous” pressures which occur worldwide in
a variety of geologic settings appear to be manifestations of
very old transient conditions in low-permeability environ-
ments.

As noted earlier, analyses of large-scale transient flow in
tight environments have usually been based on well-
established descriptions applied in permeable media. In order
to understand the various analyses using this approach, their
relations to one another, and their limitations, it is necessary
to consider a fairly general description of transient flow in an
elastic porous medium. Biot [1941] first presented such equa-
tions accounting for the complete coupling between stress and
strain in the porous skeleton and fluid pressure in the pores.
Rice and Cleary [1976], using the results of Nur and Byerlee
[1971], generalized Biot’s equations for the case of compress-
ible grains. In more familiar notation [see van der Kamp and
Gale, 1983], their equations may be written as

~ Oh do, 10v
V-KV11=S\.A—I—(1‘-1‘\.)—7—— (6)
D

ot v Ot

and
Vi, =y,4 V?h 7

The quantity S, is a three-dimensional specific storage [L™ 1]
[van der Kamp and Gale, 1983]. It and other notations are
defined at the end of the paper.

The term (0v/0t)/v accounts for a variety of processes which
result in an actual or apparent change in fluid volume. These
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include temperature changes, fluid release or uptake during
diagenetic reactions, and porosity changes due to strain of the
porous skeleton, pressure solution, and other causes. The in-
clusion of this term is intended merely as a reminder of the
multiplicity of processes which are not usually considered in
permeable environments but which may play a role in causing
transient flow when the permeability is small. The stress

change term, 0o,/0t, which affects flow through porosity-

change, could have been lumped under this term. Equations
(6) and (7) assume that the solid grains and matrix are per-
fectly elastic and the strains are small. For nonhomogeneous
fluids they can be formulated in terms of pressure rather than
hydraulic head.

Examination of the relation expressed by (6) affords a quali-
tative understanding of one of the most significant aspects of
low-permeability environments, namely the great longevity of
transient flow and the consequent ability of slow geologic pro-
cesses to profoundly affect flow. This is best seen when (6) is
nondimensionalized; in this way, systems with differing values
of K, S, and different dimensions can be reasonably compared.
It is helpful at this point to note that the quantity K/S, is a
three-dimensional hydraulic diffusivity, here denoted R[L?/T.

As an example, consider the effect of stress changes, de,/0t,
caused by geologic processes. The nondimensional version of
the stress term in (6) may be approximated as (I/ky,) do,/0t. In
this form it is clear that even when rates of stress change are
small, the term can be numerically significant if £ is sufficiently
small and ! is sufficiently large. Studies of one-dimensional
systems [Gibson, 1958; Neuzil and Pollock, 1983; Walder and
Nur, 1984] indicate that the effect of stress changes on flow
becomes significant when this term is of the order of 0.1. Sug-
gested rates of stress change caused by erosion [Neuzil and
Pollock, 1983], deposition [ Bredehoeft and Hanshaw, 1968], or
tectonic activity (M. D. Zoback, personal communication,
1984), together with values of K suggested by the one-
dimensional values in Figure 3, indicate that the term can
significantly exceed 0.1 in reasonably large regions (I ~ 100 m).

If a geologic process maintaining transient flow ceases, the
flow evolves to a steady state. The response time or time to
attain steady state may be referenced to dimensionless time,
t*, another quantity appearing in the nondimensional form of
(6); it is defined by t* = £t/I%. Although exact behavior in any
instance depends on the domain geometry and boundary con-
ditions, some generalization is possible. Analytical solutions to
the transient flow equation (see, for example, the transient
flow solutions of Bredehoeft and Hanshaw [1968], Hanshaw
and Bredehoeft [1968], and Hsieh et al. [1981] and consoli-
dation theory in the work by Suklje [1969, p. 1407) indicate
that transient behavior persists until t* is of the order of 1. We
can thus compute the approximate time involved as t =
t*12/i = IP/k. Again using £ values suggested by Figure 3 and
assuming reasonable dimensions (I ~ 100 m), we arrive at
values of ¢ ranging up to 10% yr and greater. This illustrates
that transient flow response times may be comparable with
geologic time scales.

As the square of | appears in t*, the dimensions of the
low-permeability region are particularly important. If [ is 1000
m rather than 100 m, the computed times are 100 times great-
er. Conversely, if transmissive fractures are present, and [ is
smaller, the response time is drastically reduced. The signifi-
cance of size is particularly well illustrated on a large scale by
shale units in the South Caspian basin described by J. D.
Bredehoeft and R. D. Djevanshir (unpublished manuscript,
1986). They presented data from a region which has been
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subjected to relatively homogeneous depositional loading
which shows that the transient excess pressures in the shale
become more pronounced as the average thickness of th
shales increases.

These simple computations illustrate the necessity of con
sidering the effects of slow geologic processes on groundwate
flow in low-permeability environments. Of course, flow in rela
tively permeable regions must also change as the geologi
framework evolves in time; however, in these the flow adjust
so readily that it remains quasi-steady (or fully steady froma
human viewpoint) through all but the most rapid distur
bances. Only in low-diffusivity regions does fully transien
flow develop. The significance of low permeability in this con
text was stated by Dickinson [1953] and was discussed by
Hubbert and Rubey [1959] in their classic paper on thrust
faulting. However, the quantitative relation between rates of
geologic change, hydraulic diffusivity, and transient flox
seems to have been first appreciated and explored in a pair of
papers by Bredehoeft and Hanshaw [Bredehoeft and Hanshay,
1968: Hanshaw and Bredehoeft, 1968]. In these papers a vari
ety of geologic processes potentially capable of inducing long
lived transient flow were analyzed.

The interaction of geologic processes and transient flow can
be broadly generalized. Some geologic processes affect the
flow by altering conditions at the boundaries of the low
permeability region. For example, uplift or erosional exposure
of outcrops can alter hydraulic head at a boundary. Other
processes, such as stress and temperature changes and related
diagenetic effects, act to produce, in effect, distributed fluid
sources or sinks as expressed in the last two terms of (fl
Excess or deficient heads are generated which either slowly
dissipate or are maintained if the generating process contin-
ues. Flow into or out of the low-permeability region over long
periods of time can occur as a result, a point of interest for the
confinement of waste. This is illustrated diagrammatically i
Figure 5 for the case of vertical flow.

It appears that in nature, processes causing changes which
act as effective fluid sources are most common. As an exampk,
burial metamorphism may cause porosity reduction and fiuid
generation but has no counterpart during erosional exhums
tion. Thus one would expect excess transient pressures to be
more common than deficient transient pressures, which indeed
seems to be the case [Fertl, 1976].

The interaction between geologic processes and flows is cen-
trally important to the consideration of transient flow phe
nomena. Large-scale quantitative analyses which incorporat
it have usually addressed problems involving deposition
burial or erosional exhumation and associated physical and
chemical phenomena. Therefore the following discussion wil
be centered on these processes and the approaches devised to
analyze them.

Effects of geologic processes: Simple burial and dem:
dation. Burial and denudation are perhaps the most ubiqui
tous and significant geologic processes affecting flow in lov-
permeability environments; few areas escape their effects over
geologically significant periods. They are relatively amenabl
to analysis because the stress and temperature history can b
directly related to overburden history. Also, erosion and sedi-
mentation are often laterally extensive, enabling simplification
of the analysis to one dimension vertically. A great deal of
insight has been gained through analysis of these processs
because nearly all the significant types of geologic effects cape-
ble of affecting flow, such as/stress and temperature changes
and diagenesis, can be involved. In particular, sedimentary
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Fig. 5. Schematic illustration of hydraulic head in a low-permeability region (shaded) and the flow between it and
adjacent, more permeable regions. The vertical groundwater flow is indicated by the arrows; head increases to the right. (a)
Effective distributed fluid source such as compressive strain, fluid thermal expansion, or diagenetic collapse of the pores
and (b) Effective distributed fluid sink and such as extensional strain or fluid thermal contraction, In both instances,
hydraulic heads and fluid fluxes would be superimposed on those caused by hydraulic boundary conditions.

burial has been studied because it occurs in areas such as the
Gulf Coast, where significant excess transient pressures have
been encountered during petroleum exploration.

Stress effects: If the processes considered are laterally exten-
sive, and lateral strains can be ignored, (6) and (7) may be
simplified to a single equation. Using Biot’s [1941] constitu-
tive relation between stress, strain, and fluid head, this can be
shown to be

0*h  Oh do,
K Ko AL £ —_ (8)
0z ot y, Ot

A similar equation was first presented by van der Kamp and
Gale [1983]. One-dimensional hydraulic diffusivity, «, is de-
fined as K/S,, where S, is one-dimensional specific storage and
{is the one dimensional loading efficiency. Equation (§) com-
pletely describes the coupling between stress and fluid flow in
one dimension. The expression used in many transient labora-
tory test techniques, (1), is a form of (8); as used here, the
storage parameters S; and { correspond exactly, in definition,
to those obtained in one dimensional tests.

For problems involving change of overburden it has also
been found helpful to cast stress in terms of overburden thick-
ness and to use excess pressure in place of pressure [Gibson,
1958] or, in this instance, excess head in place of head. Fol-
lowing Neuzil [1985], (8) may thus be written as
O*W oW oL

e SE
0z ot ot

©)

where C is a dimensionless coefficient incorporating the load-
ing efficiency and defined by

C=0{—v,1ys (10)
and GL/0t is the erosion or deposition rate, L being the land
surface elevation. This form of the equation simplifies the
problem by ignoring variations in sediment specific weight, y,
with depth. For most geologic problems this is held to be a
reasonable simplification because most of the variation in y
occurs close to the surface.

The resulting formulation, (9), describes the transient
groundwater flow in response to depositional loading
(6L/6t > 0) or erosional unloading (6L/0t < 0) in a convenient
fashion. If C is positive, (9) predicts that deposition (8L/0t > 0)
will produce excess heads and erosion (CL/0T < 0) will pro-
duce subnormal heads. The opposite is true when C is nega-
tive. The creation of “fossil” pressures or “paleopressures,”
which has sometimes been discussed [e.g., Bradiley, 1975;
Fertl, 1976; Toth and Millar, 1983], is conceived as resulting
from a process which is described by (9) when C is negative.
Whether “fossil” pressures, in the sense discussed here, actu-
ally exist is questionable; data presented by Neuzil [1985]
indicate that C is rarely negative. In general, the larger the
absolute value of C, the more pronounced the effects of stress
change associated with deposition or erosion on the fluid pres-
sures.

The preceding discussion implicitly assumes that the process
being considered acts on a sequence which is “normally” pres-
sured initially. This need not be the case; for example, it is
entirely possible for excess fluid pressures to exist, as a result
of earlier depositional or tectonic processes, when an episode
of erosion begins. The tendency for erosion to reduce fluid
pressures would then be superimposed on the existing high
pressures. If the erosion were not sufficiently vigorous, it could
fail to reduce the pressures to hydrostatic or lower values;
excess pressures would persist. Likewise, deposition could
occur above a “subnormally” pressured sequence and fail to
raise pressures above hydrostatic. In any event, the effects of
processes are superimposed on the preexisting fiuid pressures.

The process described by (9) has been qualitatively appreci-
ated for some time, particularly among some petroleum geol-
ogists. Faced with many examples of “anomalously” high
pressures encountered during drilling, they cited the effect of
increasing overburden weight as a possible cause. Dickinson
[1953] was perhaps the first to suggest sedimentary loading of
a low-permeability sequence as a cause of overpressures found
in the Gulf Coast. Hubbert and Rubey [1959] also suggested
that it may sometimes cause the high pore pressures they
implicated in thrust faulting.



1180

If the grains are assumed to be incompressible (¢, = 0) and
one further assumes a, > na,, (9) can be written as

o*h o ¢y oL
. WIS B8

(11)

=

2 oy, ot

Gibson [1958] first derived (11) and solved it analytically for
the case of a layer which thickens at a constant rate. Brede-
hoeft and Hanshaw [1968] recognized that the solution could
be applied to the geologic problem of continuous sedi-
mentation in a basin and used it to evaluate loading as a
cause of abnormally high pressures in the Gulf of Mexico.
Their results can be viewed as a solution to the inverse prob-
lem; they concluded that if the sediments had a x of 107® m?/s
or smaller, sedimentary loading by itself could cause the excess
pressures often encountered in the Gulf Coast. Somewhat
later, and apparently independently, Smith [1971, 1973] exam-
ined the problem of sedimentary loading using an equation
equivalent to (11) but derived in terms of porosity. Bishop
[1979] used (11) to analyze pressure generation in tight sedi-
ments being buried beneath permeable strata. Keith and Rim-
stidt [1985] followed an approach similar to Smith’s and also
derived their equation in terms of porosity. Smith, Bishop, and
Keith and Rimstidt all concluded that sedimentary loading
alone is capable of generating and maintaining the excess
pressures in the Gulf Coast environment.

Both Smith’s [1971, 1973] development and that of Keith
and Rimstidt [1985] accounted for dimension changes due to
vertical strain of the porous matrix as well as changes in
matrix compressibility with effective stress. Finite strain in
vertically loaded media has also been analyzed in the context
of soil mechanics, most notably by Gibson et al. [1967]. A
comprehensive discussion of finite strain analyses is given by
Pane [1981]. For the geologic problems considered here, ne-
glect of dimension changes due to porous matrix strain does
not introduce singificant error.

Erosional unloading may also explain subnormal pressures
in some instances as speculated by Russell [1972] and Dickey
and Cox [1977]. Neuzil and Pollock [1983] solved (11) nu-
merically for the case of erosion at a constant rate and con-
cluded that subnormal transient pressures could be generated.
They also suggested that unloading presents the possibility
that pressures will drop into the negative range or that desatu-
ration may occur. Considering the problem in the context of
soil ‘'mechanics, Koppula and Morgenstern [1984] obtained
analytical solutions for (11) which described erosion.

Thermal effects: Temperature changes may be expected as
deposition or denudation displaces rocks through the geother-
mal gradient and heat is convected with flowing groundwater.
Rocks undergoing burial are heated and then, if denudation of
the overburden occurs, are cooled. Barker [1972] used a very
simplifed analysis, which allowed for no solid strain or fluid
flow, as a basis for suggesting that thermal expansion of water
may cause anomalous pressures. Controversy over the relative
importance of thermal and loading effects ensued, and several
qualitative arguments for various views were presented [ Brad-
ley, 1975, 1976; Dickey, 1976; Chapman, 1980; Plumley, 1980].

Thermal changes cause thermoelastic responses in the solid
matrix which act to change the pore volume and thus the fluid
pressures, as well as the state of stress. Concurrently, thermal
expansion of the fluid alters the fluid pressure, which affects
the state of stress in the solid. As Palciauskas and Domenico
[1982] point out, the resulting problem is quite complex;
however, they suggested that thermomechanical effects in the
solid can be ignored. Considering the magnitude of thermal
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expansivity of water, minerals, and rocks, Delaney [1982] also
argued that the thermal effect on the solid could be ignored
for porosities exceeding 0.01. That is, the expansion of water
will dominate the thermal effects. For nonisothermal con
ditions under these assumptions the flow and deformation in
the rock are decribed by (6) and (7). In this case, (6) is written
as
~ Oh da,

V-KVh=§, y (o0 — o) E
where o, is the thermal expansivity of the pore water [°C™']
The last term in (12) is a specific version, for nonisothermal
conditions, of the term (6v/dt)/v found in (6).

It will be noted that (12) and equations which follow ar
written in terms of head; buoyancy effects are thus ignored
Although investigators such as Domenico and Palciauskas
[1979] wrote their equations in terms of pressure, they too
ignored buoyancy effects. Indeed, in one-dimensional analyses
in which free convection cannot occur, buoyancy has littl
effect on the flow. The one-dimensional simplification is not
particularly restrictive in this regard because free convection is
likely only in relatively permeable settings. However, Blan
chard and Sharp [1985] have argued that free convection can
occur in thick sequences with permeability as small as that
corresponding to a K of 107° m/s. This suggests that free
convection may be possible in the most permeable setting
with which we are concerned in this review.

The movement of heat and groundwater in porous media
are coupled phenomena. Heat is transported by moving
groundwater as well as by conduction, and temperature
changes affect the flow through the last term in (12) and
through buoyancy changes. Coupled flow of heat and ground-
water have been analyzed by Bredehoeft and Papadopulos
[1965], Domenico and Paiciauskas [1973], Sharp and Domenico
[1976], Sharp [1976], Garven and Freeze, [1984a, b], and
Bethke [1985], among others. Studies by these investigators
have served to demonstrate that while groundwater flow may
noticeably affect temperature distributions in low-permeability
systems, conductive heat transport is dominant over convec-
tive heat transport. That is, in low-permeability systems,
groundwater flow does not significantly alter the temperature
distribution from that produced by conduction alone. Thi
can be seen by the approximately linear thermal profiles com-
puted by Sharp and Domenico [1976] and the approximately
linear thermal profiles present in the Gulf Coast [ Bodner et dl,
1985].

While Bodner et al. [1985] correctly argue that convective
perturbations of temperature may be valuable indicators of
flow, the preceding observations have led to the use of justifi-
able simplifications of the coupled system. Thus Domenico and
Palciauskas [1979] and Palciauskas and Domenico [1980] as-
sumed that, during burial or exhumation, slow displacement
along the geothermal gradient occurs without significantly dis-
turbing it. The change in temperature at a point in the sedi-
ment column can therefore be directly related to the erosion
or deposition rate by the geothermal gradient. Under this as-
sumption and in one dimension, (12) and (7) become, in terms
of excess head i,

o%h' oW oL
K= b
oz ot ot
where C is now given by
C= {y ==Yy + “TfnG
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A similar equation, for the more restrictive assumptions that
1,=0and { =1, was first obtained by Domenico and Pal-
ciauskas [1979]. A comparable equation was also presented by
Walder [19847. Equation (13) becomes identical with (9) in the
absence of thermal effects (when oy, or G is zero). Domenico
and Palciauskas [1979] and Palciauskas and Domenico [1980]
discussed the solution of (13) with a simpler form of C which
they assumed had a constant, representative value. Their re-
sults indicated that the thermal contribution to pres-
suring was significant and, in fact, might permit pressures
tending to exceed lithostatic. They surmised that this would
lead to inelastic dilation of the rock. '

Treatments of the problem of burial and exhumation are
distinguished largely by differences in the assumed relative
importance of water («,) and grain compressibility () and
water thermal expansivity (xr,) as compared with rock com-
pressibility (xt,). The assumptions employed by various investi-
gators can be expressed as different forms of the dimensionless
coefficient C multiplying 0L/0t; this provides a convenient
method of summarizing and comparing approaches. Several of
the analyses cited are compared in this manner in Figure 6,
which plots C versus depth.

Also plotted in Figure 6 and shown as dashed lines are
computed values of C using the more general form given by
(14). One of the dashed lines (curve 5) represents values com-
puted using “in situ” o, derived from a representative porosity
depth relation presented by Dickinson [1953] for the Gulf
Coast (see Figure 4, curve A). The other (curve 6) represents C
values computed using laboratory-measured a,, for a variety of
sedimentary lithologies. The dashed lines and line 4 are largely
distinguished from the other treatments by the fact that the
variation of a, with effective stress is accounted for.

Examination of Figure 6 suggests that the various sim-
plifications cause the treatments to vary significantly from
each other and from the more complete formulation repre-
sented in curves 5 and 6. The differences are particularly great
at depth. It is of interest to note the difference between curves
4 and 6. These are identical formulations except that thermal
effects were ignored in arriving at curve 4. The difference be-
tween them therefore represents the possible contribution of
thermal effects. Curve 6 suggests that C increases significantly
below approximately 2500 m (8000 ft). This results from
marked decreases in measured «,, (and thus S,) with burial and
a consequent increase in the final term of (14). These data
suggest that fluid pressures in low-permeability sediments un-
dergoing burial can increase significantly below a certain
depth. There is, in fact, an often-observed tendency to ap-
proach lithostatic values in a “transition zone” after several
thousand feet of depth, as, for example, in the data presented
by Dickinson [1953] and Sharp [1976] for the Gulf Coast.
This is generally thought to reflect lithology controlled per-
meability changes [e.g., Bishop, 1979; Bodner et al, 1985;
Keith and Rimstidt, 1985]. However, curve 6 provides an ex-
planation for the tendency of the transition to occur at a
certain depth without recourse to lithology-related per-
meability changes. It suggests that matrix strain is the domi-
nant pressure-producing mechanism at shallow depths, while
fluid thermal expansivity is the dominant mechanism at great-

er depths.

A different interpretation is provided by curve 5, computed
using estimates of effective long-term compressibility, here de-
noted o, Curve 5 suggests that one may ignore water and
grain compressibility and, except at great depth, the thermal
expansion of water. Under these circumstances, fluid thermal
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Fig. 6. Graphical summary of various treatments of effects of
burial and exhumation as expressed by C, the coefficient of JL/d¢ in
(9) and (13): (curve 1) constant coefficient, isothermal (G =0), { =1
[Bredehoeft and Hanshaw, 1968; Neuzil and Pollock, 1983]; (curve 2)
constant coefficient, isothermal (G = 0), { = 0 [Bradley, 1975; Téth
and Millar, 1983]; (curve 3) constant coefficient, nonisothermal (G #
0), { = 1 [Domenico and Palciauskas, 1979]; (curve 4) variable coef-
ficient ({ variable), isothermal (G = 0) [Neuzil, 1985]. The dashed
curves show representative trends computed using the full form of C
(equation (14)): Curve 6 is computed using laboratory determinations
of rock properties (see Neuzil [1985] for source of data), and curve 5
is computed using «, derived from Dickinson’s [1953] porosity profile.

expansion probably would be unable to generate the pressures
in excess of lithostatic hypothesized by Domenico and Pal-
ciauskas [1979]. This is reflected in results of analyses present-
ed by Walder [1984] and Keith and Rimstidt [1985]. Walder
used o, values similar to those used to compute curve 5, and
Keith and Rimstidt based their analysis on observed porosity-
depth relations; both analyses suggested that thermal pressur-
ing would be small.

However, as pointed out earlier, porosity change with depth
may not be a good indicator of «,’. Processes other than
mechanical deformation may change porosity. Walder and
Nur [1984] proposed that pressure solution of minerals at
grain contacts and precipitation in the pore space is an impor-
tant porosity-decreasing process in crystalline rocks at depth.
Thus the actual value of «,” may be smaller than estimates
obtained from porosity-depth relations, such as those shown
earlier in Figure 4. Any actual difference between values of «,
and «, is due to time dependent or viscoelastic deformation of
the solid skeleton. Herein lies a difficult problem facing ana-
lysts of long-term transient flow. The use of flow models based
on assumed elastic behavior of the medium introduces the
time scale -dependence of specific storage and loading ef-
ficiency through the compressibility of the matrix. An ad-
ditional and perhaps more fundamental problem is whether
the behavior of certain systems cannot be analyzed using an
elastic model regardless of the choice of parameters. Indeed,
-there is a range of possible behavior which is depicted sche-
matically in Figure 7.

As indicated in Figure 7, short-term experimental behavior
is mostly in the range where deformation is essentially elastic.
Viscoelastic deformation may be clearly in evidence, as sec-

:)_ngafggconsolidation, for example, but often at longer time
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Fig. 7. Diagram illustrating manner in which a pore fluid and a
deformable porous matrix interact during transient flow. (a) Primarily
elastic deformation of the porous matrix in response to effective stress
changes, with viscoelastic deformation insignificant during transient
flow; a standard transient flow description applies with experimental
values of S, and loading efficiency. (b) Viscoelastic deformation signifi-
cant on time scale comparable with that of transient flow; a complex
transient flow description may be necessaary. (¢) Viscoelastic defor-
mation significant but on time scale smaller than that of transient
flow; a standard transient flow description may be used, but effective
values of S, and loading efficiency may be significantly different from
those obtained experimentally.

scales than the flow experiment. At the other.extreme, in large
flow systems with a very slow transient flow response, vis-
coelastic deformation should be quite significant during the
flow. However, it would probably occur over shorter time
scales than the flow and thus be additive with, and indis-
tinguishable from, the elastic deformation. Walder [1984] sug-
gested this possibility on the basis of theoretical analysis of
viscoelastic deformation of clays observed in laboratory tests.

Between extremes of short- and long-term transient flow
responses, and represented by the center column of Figure 7,
lies a range wherein viscoelastic deformation and the flow
response occur on comparable time scales. Bjerrum [1967]
provides a description of this type of behavior in response to
loading. In this range the mechanical interaction between fluid
and solid is more complex than represented by (6) and (7), and
it may be necessary to incorporate a rheological model of the
porous solid into the analysis. Equations (6) and (7) are
derived by assuming that a linear elastic (Hookean) constitu-
tive law governs deformation in response to changes in ef-
fective stress (see, for example, van der Kamp and Gale [1983]).
A more complex viscoelastic constitutive law may be used
instead; the trick, of course, is ascertaining the appropriate
law and parameters. Gibson and Lo [1961] were able to de-
scribe the behavior following primary consolidation of many
media with a model analogous to a Hookean and Kelvin
element in series. Lo [1961a, b] discussed a more complex
rheologic model.

To briefly summarize the preceding discussion, both short-
and long-term transient flow can probably be satisfactorily
described with a linear elastic relation for solid deformation in
response to changing effective stress. However, the elastic con-
stants applicable at long time scales will be different from
those applicable to or measured in the short term. At inter-
mediate time scales a linear elastic description may be inad-
equate. It is unclear whether flow at intermediate time scales is
sufficiently affected by this complexity to warrant a more so-
phisticated flow model such as that of Gibson and Lo [1961].
It is also unclear what time scales are “intermediate” in this
context. These questions await further research.

A further complication is presented by the difference be-
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tween compressibility during compression, «,,, and expansion,
o, Which is manifested as the permanent set suffered by rocks
and soils when compressed and allowed to rebound [Jaeger
and Cook, 1969; Scott, 1963]. Both a,, and «,, can be straight-
forwardly measured in the laboratory. Often, such tests sug-
gest that «,. exceeds a,, by approximately an order of mag-
nitude. Domenico and Palciauskas [1979] suggested that the
same approximation applies over geologically significant
periods. If so, thermal effects may figure much more promi-
nently when effective stress decreases, as when erosion re
moves overburden.

In experimental soil mechanics, «,, is often found to b
approximately equal to o, in “overconsolidated” media which
have borne higher effective stresses in the past [e.g, Scot,
1963, p. 175]. Riley [1970] found this also to be true for
low-permeability lenses which he studied in situ. However,
there is no reason to expect that a similar relationship prevaiks
over geologically significant time periods. Estimates of long-
term expansion compressibility, «,,’, are therefore less readily
made than estimates (as in Figure 4) of «,.. As a result, few
attempts have been made to estimate «,,’. Casagrande [1949]
and Peterson [1958] used geotechnical data and geological
evidence to study the response of the Cretaceous Bearpaw
Shale to past erosional unloading. Their results indicate tha
o, 1is significantly larger than o, Extrapolation of mor
recent laboratory data by Lo et al. [1978] suggests that the
ultimate rebound in shales exceed the short-term rebound by
1 to 2 orders of magnitude.

The mechanical behavior of rock is thus problematical bul
critical for analyzing the fluid flow. To some degree, this is
true even in relatively permeable media. However, the short-
comings of existing models are most pronounced for the very
prolonged flow transients in environments where the per-
meability is small.

It is necessary that these problems be recognized and ad
dressed. Current understanding of deformation in geologi
materials should be incorporated in analyses. Further experi
mental work can refine what is known about time dependent
deformation over relatively short periods; these data may pro-
vide useful bases for extrapolation to long periods. This it
particularly true for behavior under stress decrements, for
which few experimental data exist. Study of indirect geologic
evidence should provide further guidance. For example, the
lithospheric structure under certain seamounts led Watts and
Cochran [1974] to suggest that elastic stresses in these rocks
were retained over tens of millions of years. Analogous ap
proaches may provide information in other settings and litho-
ogies.

Physicochemical effects: The long periods of time which are
of interest here also dictate consideration of physicochemicl
phenomena in addition to mechanical and thermomechanica
phenomena discussed above. During burial metamorphism.
various chemical processes may cause solution, precipitation.
and reactions involving the solid and fluid phases. Gas or
liquid sources and rock structure and porosity changes can
result.

Because argillaceous media are an important lov
permeability environment, burial metamorphism of clays is of
particular interest. It has long been recognized that clay mir-
eralogy often changes with depth in thick argillaceous s
quences and that it differs in old and young shales. Power
[1967] and Burst [1969] suggested that these data show that
smectite to illite transformations occurred with burial, driven
by heating. The process releases bound water, and the sup
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posed density reduction of the water upon release would pro-
duce a net liquid source. Powers [1967] suggested that this
caused anomalous pressures. Further work by Perry and
Hower [1972] and Hower et al. [1976] indicated that chemical
changes other than simple dehydration of smectite were oc-
curting in the Gulf Coast sediments. Hower et al. also con-
cluded that the reactions could occur in the Gulf Coast shales
as a chemically closed system. Apparently, the reactions
depend on the chemical environment as well as heating, Khei-
zov [1979] and Buryakovsky et al. [1983] report that smectite
to illite ratios remain constant to depths of 6000 m (20,000 ft)
in sedimentary sequences they studied in the USSR, indicating
that the changes did not occur there.

Hanshaw and Bredehoeft [1968] were probably the first to
attempt a quantitative analysis of the problem. They con-
sidered the release of fluid from a discrete layer at depth by
dehydration of gypsum or montmorillonite and simplified the
problem by assuming that these processes either led to a step
change in hydraulic head in the layer or released fluid from it
at a constant rate. While these simplifications are somewhat
restrictive, they permitted analytical solutions of the problem
and gave the first indication of the significance of the effects.

The significance of smectite transformation as a pressuring
mechanism remains controversial. Magara [1975] argued that
it was unable to produce observed anomalous pressures, al-
though he thought it capable of enhancing anomalous pres-
sures caused by overburden load. Pritchett [1980] discussed
instances where he believed porosity loss during burial preced-
ed overpressuring; he took this as evidence that smectite
transformation later caused the overpressuring. Morton
{1983] cites isotopic evidence that diagenetic illite in the
Texas Gulf Coast sediments formed soon after deposition,
suggesting it could not be the result of processes generating
pressure at depth. Walder [1984] considered the density differ-
ences in free and adsorbed water and computed potential
pressure increases for a packet of sediment of fixed volume. He
concluded that smectite transformation could easily produce
lithostatic pressures. However, his assumption of constant
volume provided favorable conditions for pressuring just as
small compressibility enhances pressure changes from water
thermal expansivity. Indeed, aside from structural changes in
the solid skeleton, the effect is similar to that from pure ther-
mal expansion of the water; its significance will strongly
depend on the mechanical response of the solid skeleton. Fur-
ther uncertainty is attached to Walder’s results by controversy
over the density of interlayer and adsorbed water in clays (see
Walder [1984, p. 114] for a brief discussion). On the basis of
an assertion by Burst [1969], Keith and Rimstidt [1985] as-
sumed that smectite transformation could release a volume of
water equal to several percent of the bulk sediment volume.
Simulating the transformation gradually between 2500 and
4000 m depth, they concluded that it contributed only small
additional pressure.

Other processes during burial metamorphism affect fluid
through changes in porosity. Walder and Nur [[1984] suggest-
ed that pressure solution of minerals at grain contacts and
precipitation in the adjoining pore space can significantly
reduce pore volume in crystalline rocks at depth. They pro-
posed that it causes sporadic excess fluid pressures which are
relieved by fracturing. Pressure solution actively affects quartz
and so should be operative in quartzitic sediments and might
raise pressures in isolated sand lenses. It is unclear whether
such a process occurs in clay minerals and, therefore, argil-
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Burial metamorphism is probably the single most important
process causing transient flow for which an adequate quantita-
tive treatment is not available. Uncertainty about effects of
stress and temperature changes lies mainly in the mechanical
response of the porous matrix; the uncertainty surrounding
the effects of burial metamorphism and diagenesis lies in the
processes themselves. Part of the difficulty results from the fact
that changes lumped under this term represent several diverse
lithology-specific processes. While it may be possible to esti-
mate rates of smectite transformation [ Walder, 1984], for ex-
ample, the associated restructuring of the porosity and re-
sulting changes in effective stress and fluid pressure are diffi-
cult to account for. Rates of porosity change from pressure
solution are equally difficult to estimate; the problem is com-
plicated by the coupling between pressure solution and pore
pressure through the effective stress. Moreover, the total suite
of processes occurring may be considerably more complex
than those yet considered. Incomplete understanding of these
phenomena thus limits the ability to analyze prolonged flow
phenomena. We need to be able to relate rates of pore fluid
production and porosity change to rates of change of temper-
ature, effective stress, and total stress. High-temperature and
high-pressure experiments with natural clays and shales, in
which strain and fluid pressure are monitored, could provide a
basis for obtaining the needed relationships.

Processes in two and three dimensions. The theoretical
shortcomings discussed in the previous section apply equally
or perhaps more so to two- and three-dimensional analyses
which we now consider. While one-dimensional analyses are
extremely useful, they are limited in application. It is likely
that in most settings the state of stress in rocks evolves in a
more complicated fashion than implied by the assumption of
negligible horizontal strain in an elastic medium. Indeed, even
under the ideal conditions assumed for the one-dimensional
analysis some horizontal strain may result from vertical move-
ment normal to the earth’s curved surface [Haxby and Tur-
cotte, 1976]. In many real settings, moreover, rocks are signifi-
cantly affected by tectonic and topography related stress
changes.

The associated rates of stress change, do,/0t, are problemat-
ical but can be relatively large. Rates of tectonic stress change
as high as 10° to 10* Pa/yr are not unusual (M. D. Zoback,
personal communication, 1984). While this is the high end of
the range, it is significantly larger than the 10-Pa/yr rate of
overburden stress change associated with representative denu-
dation and erosion rates [Bredehoeft and Hanshaw, 1968;
Neuzil and Pollock, 1983].

Thus tectonic stress may often be expected to affect fluid
pressures and flow in tight environments. Tectonic squeezing
has been speculated as the cause of “abnormal” pressures in
California [Watts, 1948; Berry, 1973], and North Dakota
[Finch, 1969]. Because of the uncertainties involved, however,
little quantitative analysis of the problem has been possible.
Indeed, the problem of tectonic stress may, in many instances,
be most profitably posed as a detection problem. In such a
context, fluid pressures would be viewed as cumulative stress
meters providing information about past tectonic activity.

Some insight into the problem has been gained by extension
of the simpler one-dimensional analysis. Domenico and Pal-
ciauskas [1979] and Palciauskas and Domenico [1980] con-
sidered the case where the ratio of horizontal to vertical stress
is arbitrary, but constant over time, Their results demon-
strated that tectonic squeezing enhances burial overpressuring,
while tectonic extension subdues it. Walder [1984] considered
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two cases in which horizontal strain was incorporated in a
source term in a one-dimensional flow equation. The first case
he considered was erosion followed by isostatic uplift as en-
visioned by Haxby and Turcotte [1976]. For the case of ero-
sion, Walder’s results suggest that underpressuring, resulting
from vertical and horizontal expansion, and cooling, should
occur. The second case Walder considered was that of an
accretionary sediment wedge at a convergent plate boundary.
Under the simplifying assumption that lateral strain domi-
nates over other effects, he derived an equation similar to (6).
However, rather than a term accounting for the rate of stress
change, do,/0t, Walder’s equation included a term with the
strain rate imposed by the relative plate motion. With the
relations implied by the equation he estimated maximum per-
meabilities at which representative strain rates would signifi-
cantly perturb pressures. The values he obtained correspond
to K of 107" to 107!%2 m/s. As these values fall within a
reasonable range for fine-grained sediments, Walder’s result
supports the notion of strain-induced excess pressures in these
environments.

Besides simplifying mechanical behavior, one-dimensional
analyses force the flow of fluids to be vertical, an approxi-
mation which may sometimes be unrealistic [ Bethke, 1985]. In
particular, when laterally continuous permeable units are
present, this simplification may be too restrictive [Magara,
1976; Walder, 1984]. J. D. Bredehoeft and R. D. Djevanshir
(manuscript in preparation, 1986) discuss a basin in the
Caspian region in which lateral flow in sands appears to be
quite significant. Sharp [1978] attempted to overcome this
problem by solving a one-dimensional equation of the form of
(12) coupled with a heat transport equation in a series of
one-dimensional profiles to simulate depositional loading and
thermal effects in the Ouachita basin. These solutions provid-
ed a quasi-two-dimensional simulation of the basin in a verti-
cal plane.

A somewhat different approach has recently been applied to
the two-dimensional problem of sedimentary loading in a
basin. It uses a statement of fluid mass conservation in a
deforming porous medium (such as used in the derivation of
(6)). The relation can be expressed as
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(see, for example, Domenico and Palciauskas [1979], equation
4). The right-hand terms describe fluid flow, porosity change,
and thermal expansion of the fluid, respectively. Analyses con-
sidered thus far have developed the expression further by re-
lating porosity change to stress and fluid pressure. Thus, for
example, Domenico and Palciauskas (1979) used Biot’s (1941)
constitutive relations to determine that under their assump-

tions,
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Substitution of (16) in (15) leads to an equation of the form of
(12). However, (16) or any similar relation includes all assump-
tions about long-term mechanical behavior of the solid and
requires, as discussed above, knowledge of ds,/0¢, the total
stress changes through time. The changes in horizontal as well
as vertical stress must be known, or special conditions, such as
no horizontal strain, must be assumed to constrain them. In
addition, by omitting a term to describe diagenetic porosity
changes, (16) implicitly assumes them to be insignificant unless
they are embedded in the medium compressibility, «. Thus, in

(16)
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attempting to express porosity changes in terms of other vari-
ables much of the uncertainty related to large-scale transient
behavior is introduced.

If the porosity changes with time in the region of interest
can be ascertained independently, these problems are by-
passed, and (15) itself or a comparable equation can be solved.
This approach has been used by Bethke [1985] to simulate
flow in a hypothetical basin fill under continuing sediment
input. Bethke considered a slowly subsiding continental basin
in which significant transient pressure was unlikely to have
been generated; he was thus able to argue that observed
porosity-depth relations could be used to determine the tem-
poral changes of porosity, dn/dt, in a sediment packet under-
going burial.

In the cases of interest here, where transient excess pressures
are generated, dn/dt is problematical; the normal porosity de-
crease is disrupted because the excess pressures do not permit
the usual increase in effective stress with depth [e.g., Magar,
1969]. In these instances, Bethke suggested what is the only
feasible approach, namely, using relations which incorporate
the same types of assumptions as (16). By doing this the ad-
vantages are lost, and the method becomes equivalent to those
described earlier. Indeed, a relation similar to (16) and prede-
termined da,/dt must be incorporated, in some fashion, in any
analysis of stress-induced transient flow.

Cathles and Smith [1983] followed a similar line of reason-
ing to compute flow from a compacting basin. They used the
simplifying assumption that the loss of fluid and accompany-
ing porosity decrease occurred late in basin development and
over a short period of time through fractures.

These analyses, together with one-dimensional studies, have
begun to address the problem of the concurrent evolution of
geologic and groundwater flow systems. An unanswered
question at this juncture concerns the significance of the fluid
flow-stress coupling in two and three dimensions. Both (6) and
(7) are necessary to fully describe transient flow. The one-
dimensional analyses described earlier satisfy these relations
exactly for the conditions they assume. However, the two-
dimensional analyses described have ignored the conditions
expressed by (7). While studies have addressed the impl-
cations of ignoring (7) in the context of aquifer development
[Gambolati, 1974] and certain foundation engineering prob-
lems [Schiffiman et al., 1969], none have addressed its signif-
cance in situations where all-around total stress varies in time.
As we have seen, such stress changes can be quite pronounced
on the time scales of interest. Also, the fully coupled flow-
stress description may have importance for an understanding
of how the state of stress evolves and its relation to defor-
mation.

A related question concerns visoelastic deformation of the
rock, which will be different in response to horizontal and
vertical stresses. Inelastic deformation may relieve superim-
posed tectonic stresses [Domenico and Palciauskas, 1979], but
the stress due to overburden load remains regardless of the
extent of deformation. Indeed, time dependent deformation
apparently causes horizontal stresses to tend toward equality
with vertical stresses [Domenico and Palciauskas, 1979]. The
resulting interactions between stress, elastic and viscoelastic
strain, and flow are complex but possibly important in a vari
ety of settings. An important area for research now would
seem to be investigation of appropriate two- and thres
dimensional models for long-term solid matrix deformation
and methods for determining parameters for the models.

The problem may be even more complex than these argu-

) |



NEUZIL: GROUNDWATER FLOW IN LOW-PERMEABILITY ENVIRONMENTS

ments suggest; other forms of inelastic behavior have also
been postulated in low-permeability environments. Several au-
thors who have discussed sedimentary deposits [Sharp, 1978;
Domenico and Palciauskas, 1979; Palciauskas and Domenico,
1980; Cathles and Smith, 19837 and crystalline rocks [Walder,
1984; Walder and Nur, 1984] have hypothesized that frac-
turing may cause sporadic periods of increased flow and relief
of excess pressures by enhancing the permeability. In some
instances, notably as described by Walder [1984] and Walder
and Nur [1984], the process is envisioned as being reversible.
The fractures close or heal, reducing permeability to its former
low value and initiating another cycle of fracturing.

Palciauskas and Domenico [1980] distinguished between
macroscopic fracturing and dilatancy which they considered
to result from microfracturing. They described macroscopic
fracturing as analogous to hydraulic fracturing in wells, oc-
casioned when the fluid pressure exceeds the least principal
stress and tensile strength of the medium. This presumably
was the mechanism envisioned by Sharp [1978] and Cathles
and Smith [1983]. Domenico and Palciauskas [1979] proposed
it specifically as a response to fluid pressures when they begin
to exceed the lithostatic load.

Dilatancy is a porosity and bulk volume increase known
from experimental work in sedimentary rocks [Handin et al.,
1963] and crystalline rocks [Brace et al., 1966]. Domenico and
Palciauskas [1979] and Palciauskas and Domenico [1980] pro-
posed that dilatation is proportional to deviatoric stress and
included a term for it in their version of (12). They suggested
that significant permeability increases accompany dilatation.

The mechanical behavior in these processes is not well un-
derstood, particularly in the long term. As Palciauskas and
Domenico [1980] themselves acknowledge, we do not yet have
an experimentally based constitutive relation for dilatation.
Further, there are no data concerning the effect of dilatation
on permeability. Resolution of these problems is necessary to
evaluate the role of such inelastic phenomena in low-
permeability settings.

An interesting geologic setting, exemplifying the complex
behavior discussed above, is found in accretionary wedges at
convergent plate boundaries. Containing large volumes of sed-
iment, these features are only now being explored. It has been
suggested that excess pressures created in the sediments by the
tectonic strains and overthrust loading facilitate further thrust
faulting [von Huene and Lee, 1983; Westbrook and Smith,
1983].

Changes in hydraulic boundary conditions. Besides the
types of changes already described, geologic processes affect
flow in tight environments by altering the hydraulic boundary
conditions. The geometry of rock bodies and hydraulic heads
at their boundaries is changed by processes such as tectonic
folding and tilting, faulting, and erosional exposure of aquifers.
This occurs in any tectonically active region, whether under-
going tectonic extension, such as developing rift zones, or
compression. The possibilities are varied and difficult to gener-
alize; it is perhaps useful to consider a specific example.

Toth [1978] describes an aquifer in Alberta which was
probably exposed by valley erosion approximately 3 x 10°
years ago. Exposure presumably caused a relatively rapid
head decline in the aquifer as it became unconfined. Underly-
ing the aquifer is a 500-m-thick confining layer with a hy-
draulic diffusivity estimated by Toéth as 5 x 107° m?%/s. Had
flow in the system originally been at steady state, the head
decline in the aquifer would have acted like a nearly instanta-
neous change at the confining layer boundary. The resulting
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one-dimensional flow in the confining layer can be analyzed
with a solution to (1) for these boundary conditions. The solu-
tion is graphed by Hanshaw and Bredehoeft [1968, Figure 2],
from which it can be seen that transient flow should persist, in
this case, for approximately 5 x 10° years; the groundwater
flow in the underlying confining bed may therefore still be in a
transient state.

An analogous situation occurs in formations confining
aquifers when the aquifer head declines because of devel-
opment. Recently, Bredehoeft et al. [1983] showed that during
development of the Dakota artesian aquifer, most of the water
released from storage came from the adjoining tight shales.
Moreover, the properties of the confining Cretaceous shales
[Bredehoeft et al., 19837 suggest that transient leakage to the
aquifer should continue for approximately 10° years.

Nonhydraulic Flow in Large-Scale Systems

Two distinct flow phenomena which may be classed as
nonhydraulic were considered in the earlier discussion of
small-scale experimental work, namely, non-Darcian flow in
response to hydraulic gradients and coupled flow in response
to nonhydraulic driving forces. In this section we consider the
implications of these phenomena for flow in geologic systems
on a large scale.

Speculations on the effects of non-Darcian flow. The appli-
cability of Darcy’s law, as we have seen, is usually a funda-
mental assumption of large-scale flow studies. This is entirely
appropriate in view of the lack of convincing evidence to the
contrary. However, it is also well to recall that the applica-
bility of Darcy’s law, in the media of interest and under in situ
hydraulic gradients, is strictly an assumption (see Figure 2).

A small number of investigators have considered the effects
of specific types of non-Darcian behavior. Because of the lack
of consistent experimental evidence for non-Darcian behavior
of any kind, analyses based on an assumed specific non-
Darcian flow law can only be regarded as highly speculative.
Florin [1951] and Elnagger et al. [1971] analyzed consoli-
dation, and Pascal [1981] analyzed the response to hydraulic
stresses with a threshold gradient. They showed that under the
flow laws they assumed, apparently transient head distri-
butions would become “frozen” and represent a new steady
state. Schmidt and Westmann [1973] analyzed consolidation
using a nonlinear flow law. Remson and Gorelick [1982] pro-
posed considering the problem more generally and discussed
the potential importance of non-Darcian flow in waste reposi-
tory design. They argued that the existence of a threshold
gradient for flow, for example, would render waste contami-
nant analyses more conservative than realized, leading to
overdesign of repositories.

Geologic membranes in large-scale systems. In contrast with
non-Darcian flow, coupled flow in certain geologic materials is
clearly demonstrable experimentally. However, speculation
about coupled flow in the subsurface predates experimental
work on geologic materials. According to Hanor [1983], the
problem of accounting for the origin of subsurface brines led
to speculations by Russell [1933] and De Sitter [1947] that
ultrafiltration by shales was operative. Attempts to explain
certain ore deposits led Mackay [1946] to publish similar
speculations. Subsequently, as experimental evidence for sig-
nificant coupled flow in certain geologic materials began to
accumulate, numerous studies addressed the possibility of
large-scale osmosis and ultrafiltration in the subsurface.

Most discussions of membrane phenomena in the subsur-
face paralleled experimental experience and considered the in-
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teraction of reservoirs (aquifers) and membranes (confining
layers). By experimental criteria, the presence of salt-bearing
groundwater separated from fresher groundwater by a shale
or similar medium provides the conditions for osmotic flow of
the fresh water toward the salty. If the salty water occurs in a
reservoir surrounded by tight shales, it was reasoned that the
osmosis may produce observable excess pressures there. Berry
[1959], Hanshaw [1962], and Hanshaw and Hill [1969] sug-
gested this mechanism to explain highs in the piezometric
surface in the San Juan Basin region of Utah, Colorado, and
New Mexico, and Berry and Hanshaw [1960] interpreted high
heads in the San Joaquin Valley, California, as being due to
osmosis. Hanshaw and Zen [1965] proposed osmosis as a
mechanism for generating excess pressures and facilitating
thrust faulting.

The role of ultrafiltration in the subsurface has also been
widely discussed. Berry [1966, 1967] suggested that ultrafiltra-
tion helped create brines in the Imperial Valley, California,
and Hitchon et al. [1971] argued that the composition of sedi-
mentary formation fluids in western Canada should also be
explained this way. White [1965] discussed the relative abun-
dances of various ions in brines in connection with their differ-
ent mobilities in membranes. Based on their experimental
studies of filtering efficiencies for different ions [Kharaka and
Berry, 1973], Kharaka and Berry [1974] interpreted the geo-
chemistry of formation fluids in the Kettleman Dome area of
California as indicating that extensive ultrafiltration had oc-
curred. Graf [1982] has reviewed these and other studies.
More recently, Gautier et al. [1985] summarized the geo-
chemical criteria that they consider indicative of membrane
filtration. They indicated that on this basis, filtration is indi-
cated in Central Valley, California, the Alaskan North Slope,
and the Gulf of Mexico.

As noted above, these discussions are distinguished by the
fact that they conceptualize the system as being discontinuous
and uvsually consider effects in aquifers adjacent to membranes
without considering behavior in the membrane itself. This
may partly reflect the influence of experimental work which
has been limited to reservoir-membrane interaction. Perhaps a
more important reason, however, is that membrane effects in
the subsurface are likely to be detected only in permeable
reservoirs; these are the source of nearly all data on subsur-
face fluid chemistry and pressure.

The question of behavior within geologic membranes, in the
laboratory as well as in situ, has received much less attention.
The data for investigations of this sort are difficult to obtain.
One such investigation is that by Marine [1974] and Marine
and Fritz [1981], who measured high hydraulic heads within
the low-permeability fill of the Triassic Dunbarton Basin,
South Carolina. They interpreted their data as indicating that
the high heads occur within the fill as a result of osmotic flow
from surrounding permeable rocks with fresher waters.

All of the studies cited are mainly qualitative. Few quantita-
tive analyses of in situ coupled flow have been made. Excep-
tions include analyses by Bredehoeft et al. [1963, 1983] which
combined quantitative flow analyses with simple models of
ultrafiltration. However, even these studies adopted the sim-
plification of ignoring osmosis and considered only steady
flow conditions.

A more general quantitative description of coupled flow in
the subsurface can be obtained with the constitutive relations
between flows and forces expressed by the phenomenologic
equations (2) combined with statements of mass and energy
conservation. The important flows in geologic environments
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are those of pore fluid, solute, electric charge, and, in certain
environments, heat. Electrical effects usually result from
chemical forces and flows and thus are effectively embedded in
the chemical effects. Thus a useful simplification is to consider
only flows of pore fluid and solute.

Greenberg [1971] combined the phenomenologic equations
for fluid and solute flow with equations of conservation for
fluid and solute mass to develop one-dimensional equations
describing the transient flow of fluid and solute in a mem-
brane. Hydraulic flow, osmosis, ultrafiltration, and diffusive
solute flux are described by the equations. Similar equations
were independently suggested by P.C. Trescott (unpublished
manuscript, 1975). Using the one-dimensional equations,
Greenberg [1971] and Greenberg et al. [1973] numerically
simulated osmotic consolidation of aquitards in a ground-
water basin experiencing saltwater intrusion.

Mitchell et al. [1973] [see also Mitchell, 1976, pp. 370-373)]
solved Greenberg’s equations numerically for a representative
problem involving a layer of clay or shale. The simulation
results provide important insight into possible transient flow
behavior in large membranes. The shale was considered to fi
adjacent to aquifers in which the salt concentration abruptly
increased to a value that remained constant. Values for the
coefficients were derived from the experimental data for clay
cakes discussed earlier. Osmotic flow out of the shale pro-
duced a pattern of low hydraulic heads similar to that indicat-
ed for other processes and qualitatively depicted in Figure 5.
Thus in practice, osmotic effects would be difficult to dis
tinguish on the basis of hydraulic head measurements alonc.
Because the shale in the simulation did not act as a perfectly
efficient filter, it was slowly invaded by the salt. Substantil
concentration differences within the shale were indicated. Thus
measurement of pore fluid chemistry variations together with
hydraulic head measurements within a shale would be mor
diagnostic of coupled flow than head measurements alone.
Membrane behavior is a distinct possibility if solute cor-
centration and hydraulic heads both decrease or both increast
inward from the boundaries.

The time scales implied by the simulation results are also
highly significant. Minimum pressures from osmotic flow wer
attained at r* ~ 4, where t* is dimensionless time as pre
viously defined. This response time is comparable to that for
purely hydraulic transient flow considered in previous sec
tions. As shown there, response times of this order may repre-
sent long periods of time. For a perfectly efficient filter this
condition would have represented a new steady state. How-
ever, time dependent changes occurred at yet a slower rate as
salt slowly leaked into the shale, and salt concentrations and
fluid heads continued to evolve until t* > 10%. The extrem
longevity of these “secondary™ transient conditions suggests
that in systems containing membranes, the chemically driven
flow may rarely reach a fully steady, equilibrium condition
Moreover, secondary transient conditions would be difficult to
detect because they change so extremely slowly that evenin
tight media the flow would be quasi-steady. Bredehoeft et dl
[1983] have suggested that just such a situation, the incom-
plete invasion of shales by dissolved salts, may in part explan
the geochemistry of the Dakota aquifer system.

This theoretical work represents a relatively primitive ur-
derstanding of how geologic membranes may function ir
actual groundwater systems. The complexity of the flow pro-
cesses lends uncertainty to mathematical models. Unlike the
case of hydrodynamic flow, there is very little experience witk
application of the equations suggested by Greenberg [197]]
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and P. C. Trescott (unpublished manuscript, 1975) with which
to judge their appropriateness. Greenberg [1971] notes numer-
ous assumptions of uncertain validity which were necessary to
simplify his model to a workable form. The complexity of the
geologic environment also poses difficult problems. Rather
than being homogeneous, uniform bodies, geologic mem-
branes undoubtedly exhibit inhomogeneity and anisotropy
with respect to membrane properties. A single argillaceous
formation might consist of several layers of more or less ef-
ficient membranes. The entire sediment package might act like
several membranes in series, increasing the filtration efficiency
of the formation as a whole. Bredehoeft et al. [1983] incorpor-
ated this concept in their simulations. Transmissive fractures,
on the other hand, can probably be expected to “short-circuit”
membranes and prevent significant osmotic flow while permit-
ting movement of solutes.

Many of the conceptual problems related to membranes in
groundwater systems are manifestations of the difficulty of
extrapolating small-scale experimental experience to a large
scale. There is great controversy concerning the significance of
coupled flow in groundwater systems, even though the re-
quisite conditions for it, such as significant concentration
gradients, are common in the subsurface. Some investigators
(eg, Hanshaw and Hill, 1969; Marine and Fritz, 1981] have
argued that the existence of membrane effects in certain lo-
cales is indicated by a process of elimination. In other words,
certain anomalous hydraulic heads are due to osmosis because
they are not explicable by other causes. However, as should
have been apparent in earlier discussions, it is extremely diffi-
cult to exclude any number of geologic processes as causes of
transient flow. While the evidence may suggest large-scale os-
mosis, it can hardly be considered unequivocal. Likewise, the
evidence for in situ ultrafiltration has been questioned by
Hanor [1983], who also argued that it apparently has not
occurred in Gulf Coast sediments. Studies of sandstone diage-
nesis in the Guif Coast by Land [1984] suggest a more open
geochemical system than one would expect if ultrafiltration
were significant. Graf [1982], on the other hand, has argued
for extensive ultrafiltration in subsurface environments such as
those in the Gulf Coast. While the existence of signficant cou-
pled flow in the subsurface is difficult to demonstrate, its ab-
sence is equally difficult to show, and for the same reason; real
systems are quite complex with cause and effect not easily
determined.

The problem of in situ behavior is further complicated by
the difficulty of characterizing the driving forces in the subsur-

face. The chemistry of natural waters is complex; there are-

generally both solute composition and concentration gradi-
ents in groundwater. To compound the difficulty, chemical
and electrical potential gradients capable of causing osmosis
apparently may also be generated internally by chemical reac-
tions [Olsen et al, 1985] and strains in the solid skeleton
[Kemper et al., 1972]. Hilbert {1981] attributed significant
electrical potential gradients to weathering reactions and sug-
gested they caused electroosmosis.

In the opinion of the writer the question of the significance
of coupled flow in the subsurface has not been resolved despite
the belief by some, as described by Freeze [1985], for example,
that it can be ignored. The persisting uncertainty is a result of
several factors which may be enumerated as (1) incomplete-
ness of small-scale test data, particularly from undisturbed
geologic samples, (2) the lack of understanding of scale sensi-
tivity of the phenomenologic parameters, (3) the difficuity of
linking cause and effect in complex real environments, and (4)
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the tendency to focus on effects external to membranes in
adjacent reservoirs, which may be less significant than those
within low-permeability bodies with membrane properties.

Resolution of the problem of the significance of geologic
membranes in groundwater systems will require the synthesis
of diverse methods of investigation. The need for laboratory
experimental data on coupling coefficients in undisturbed geo-
logic media has already been discussed. Development of in
situ testing techniques for low-permeability membrane media
could be expected to provide useful data. A general in situ test
strategy can be outlined: Waters of different chemistry are
pumped into packer-isolated or open boreholes terminated in
a suspected membrane unit. Significant osmotic flow would be
indicated by a tendency toward different hydraulic heads in
the boreholes. A synthesis of laboratory and borehole data
might elucidate the scale sensitivity of membrane properties.
Theoretical investigations using mathematical models can
shed light on the expectable effects of inhomogeneity and ani-
sotropy of coupling coefficients. Again, laboratory work is re-
quired to characterize these qualities. Field characterization of
formations thought to be acting as membranes, while likely to
be difficult, can be expected to provide important answers.

The Field Problem

Ultimately, the problem of interest is that of analyzing the
flow in a particular low-permeability system. It will be neces-
sary to characterize current conditions in the system, particu-
larly the hydraulic head, and if membrane phenomena are
to be considered, the pore fluid chemistry. These
characterizations are difficult in tight media.

Determination of undisturbed hydraulic head. Very few
measurements of hydraulic head in low-permeability forma-
tions have been made. Generally, anomalous pressures are
detected in formations intimately associated with tight forma-
tions (which maintain the pressures) but which themselves are
permeable enough to permit significant flow when penetrated
by drilling. As Smith [1971], Bradley [1975], and Bishop
[1979] have noted, pressures in shales are generally inferred
from these reservoir pressures rather than measured. As a
result, our view of the occurrence of transient conditions is
probably biased by the fact that anomalous pressures are usu-
ally detected only in permeable reservoirs. For this reason,
and to be better able to map hydraulic head distributions,
measurements of fluid head within low-permeability forma-
tions are often desirable.

Indirect indicators of fluid pressure have been used for some
time. Several borehole logging measurements respond in a
qualitatively predictable manner in regions of abnormal pres-
sure [Fertl, 1976, p. 226]. Some [e.g., Magara, 1969] have
carried the concept further by estimating porosity or other
properties from borehole logging data and relating them
quantitatively to effective stress and fluid pressure. Difficulties
with this approach lie in the empirical nature of the relation
between log response and fluid pressure caused by lithologic
and other variations. These shortcomings are discussed, for
example, by Reynolds et al. [1973] and Pritchett [1980]. How-
ever, in certain instances it may be possible to draw reliable
inferences about fluid pressure indirectly. The tendency of cer-
tain overpressured shales to flow [Musgrave and Hicks, 1968;
Pritchett, 1980] presumably indicates fluid pressures near
lithostatic load. Along similar lines, Walder and Nur [1984]
have suggested that seismic low-velocity zones in the crust
may indicate regions of crystalline rock with nearly lithostatic
fluid pressures.
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Direct measurement of formation fluid pressures using bore-
holes is difficult largely because of the slow response of tight
formations to a hydrodynamic disturbance. The simplest
measurement technique, simply letting the fluid level in the
borehole reach equilibrium, is usually impractical because of
the long time required. Such a procedure, in fact, is similar to
an open slug test. Marine [1974, also personal communi-
cation, 1984] and Marine and Fritz [1981] have observed the
slow return to equilibrium in wells completed in low-
permeability Triassic sediments. A period of several years was
required to gain an accurate estimate of the predrilling head.

As when conducting slug tests, the process may be hastened
by shutting in the borehole, usually with inflatable packers.
This procedure, however, brings the attendent problems of
eliminating small leaks past the packer or in the piping. Con-
nection via leaks between the shut-in portion and other parts
of the borehole may be sufficient to cause the pressure to
stabilize at an unrepresentative value. Neuzil and Pollock
[1983] avoided this problem by isolating a pressure transdu-
cer with a shale slurry which self-consolidated to form a low-
permeability plug. Wolff and Olsen [1968] developed a point-
ed piezometer which could be pushed into soft clays; it was
designed to have small storage and thus respond quickly to
pore pressure changes. The system was successfully used in the
field for small penetrations into a clay confining bed [Wolff,
1970]. The instrument was isolated with an inflatable packer.

Assuming that the section to be tested can be successfully
isolated, a sufficient period of time must be allowed for
drilling-caused disturbance to dissipate. Generally, part of the
disturbance results from the imposition of an arbitrary fluid
head at the borehole walls during drilling. The distance this
effect penetrates the surrounding rock depends on the period
the disturbance is applied; it is described by Hantush’s [1964]
A function. In the case that the well has been “produced” at a
reasonably constant rate for some time, the equilibrium head
can sometimes be estimated from early shut-in data using a
method developed by Horner [1951]. Anderson and Zoback
[1982] used this technique to estimate the equilibrium head in
a tight underpressured formation. In principle, industry drill
stem tests could be used to measure original formation pres-
sure using this technique [Bredehoeft, 1965]. However, few, if
any, measurements of this type have been made in the com-
mercial sector. Another problem is that early shut-in data may
be strongly affected by thermal disequilibrium introduced by
drilling, as Grisak et al. [1985] found in crystalline rocks.

Stress distortion caused by drilling the hole also disturbs
surrounding fluid pressures. An analysis by C. E. Neuzil (un-
published manuscript, 1982) based on the plane-strain solu-
tion of Hubbert and Willis [1957] for the mechanical response
of elastic media to a borehole indicates that induced pore
pressure changes in the vicinity of the borehole will be sym-
metrical and cancel out. However, experience with boreholes
in the Pierre Shale (C. E. Neuzil, unpublished data, 1985) and
in a shale in Saskatchewan (G. van der Kamp, personal com-
munication, 1985) indicates that recovery of the hydraulic
head in the boreholes was delayed. The delayed response sug-
gests that fluid pressures in the vicinity of the borehole may
have been depressed. Inelastic deformation may play an im-
portant role in this process. Florence and Schwer [1978] ana-
lyzed the mechanical response to a circular hole of an elastic—
perfectly plastic medium; plastic dilatation, which would
lower fluid pressures, was predicted near the hole. In tight
materials this presumably could affect fluid pressure in the
borehole for long periods of time.
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Thus, once shut-in occurs, flow must not only overcome
storage in the shut-in volume, it must also dissipate distur-
bances induced by drilling. Analysis of the interaction between
the fluid flow and the complex mechanical behavior near a
borehole is needed in order to assess the validity of current
measurements and to devise improved measurement strategies.

In the case of shales and other media which may have
membrane properties a further potential complication, in the
form of osmotically generated pressures, must be considered.
For example, were the borehole filled with water substantially
fresher than the pore fluid in a surrounding shale, osmotically
driven flow-into the shale could result. The apparent equilibri-
um pressure reached in a shut-in borehole would then be less
than the equlibrium pore pressure in the shale. The possibility
of such a process makes it advisable to determine the pore
water chemistry and to duplicate its gross properties in any
water injected into the borehole.

Determination of pore fluid chemistry. The porosity of crys-
talline rocks is so small that, except when they are fractured,
recovery of analyzable amounts of pore fluid from them is not
practical. Argillaceous media generally have high porosity but
yield their pore fluid with difficulty. Relatively small quantities
(of the order of tens of milliliters) can be obtained from shale
and clay cores by squeezing. H. W. Olsen (personal communi-
cation, 1982) has extracted pore fluid samples from Cretaceous
shale of approximately 30% original porosity by squeezing
under high loads. This approach is not entirely satisfactory
because some fraction of the water obtained may not have
been mobile under normal conditions; the chemistry of the
sample thus may not be representative of the free pore water.

OVERVIEW

When the phenomena of any class are in general ambiguous,
and admit of being explained by different or even opposite
theories; if few of those exclusive facts are known, which admit
but one or a few solutions, then we have no right to expect much
from our endeavors to generalize, except the knowledge of the
points where our information is most deficient, and to which our
observations ought chiefly to be directed.

Playfair [1802, pp. 515-516]

The task of analyzing groundwater flow in general is a diffi-
cult one. This is indicated by a retrospective examination by
Konikow and Patten [1985] of attempts to simulate flow accu-
rately enough to make usable predictions. They showed that
the degree of success was quite varied. Analysis of flow in
low-permeability environments can be even more challenging
in many respects. In this review I have attempted to analyz
the aspects which contribute to the difficulty of quantitative
analysis. The major ones are summarized in Table 1. Many of
the phenomena alluded to in the tabulation are incompletely
understood. Perhaps more fundamentally, the significance of
some of the phenomena in subsurface systems is unknown or
controversial. The questions raised by these uncertainties are
important subjects of future research in order to improve the
ability to understand groundwater flow in these environments.

Historical Bias

Our present understanding of low-permeability environ-
ments reflects how the problem has been approached. Soil
mechanics and soil physics have long held flow .in low-
permeability media, particularly clays, to be of major interest.
However, in hydrology and hydrogeology most work in tight
media has been preceeded by that on more permeable media.
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TABLE 1. Factors Adding Uncertainty to Nature of Large Scale
Groundwater Flow in Low Permeability Environments

Factor Significance

Extrapolation of Darcian rela- Unknown
tion to in situ hydraulic gradi-

ents

Coupled flow (osmosis and ultra-
filtration)

Importance in subsurface dis-
puted, potentially capable of
causing extremely long lived
transient conditions

Geologic processes occurring on Geologic processes can appar-
lime scales comparable with ently be the dominant control
flow of flow in certain settings

Time scale dependence of storage  Long term and laboratory S,

parameters and size scale de-
pendence of hydraulic and
nonhydraulic conductivity.

may differ by one or more
orders of magnitude, large and
small scale diffusivity and con-

ductivity by several orders of
magnitude

Three-dimensional coupling be-
tween stress and flow (equa-
tions (6) and (7))

Unknown, probably most signifi-
cant where tectonic stresses
are important

Viscoelastic deformation of solid Unknown
skeleton and groundwater

flow on comparable time

scales (intermediate range in

Figure 7)

In addition, collective experience with more permeable media
is much greater in these disciplines. Consequently, there ap-
pears to be a historical bias attached to the study of tight
systems, particularly in a hydrogeological context. This seems
to explain, in part, certain current approaches to low-
permeability problems. For example, it is ironic that few
question the applicability of Darcy’s law in tight media at
small hydraulic gradients, for which we lack experimental jus-
tification, while most quantitative flow analyses have ignored
coupled flow, for which ample experimental evidence exists.
The experimental evidence for coupled flow is sufficiently ex-
tensive that its failure to influence flow in large systems, if true,
requires explanation. Further progress will be helped by rec-
ognizing this bias.

Such a bias may also play a role in the readiness with which
mathematical models based on elastic theory have been ex-
trapolated to describe transient flow over geologically signifi-
cant time periods. With successful application of transient flow
theory on a regional scale in developed aquifers, applying the
theory in large, naturally transient low-permeability systems
seems a natural extension.

Fundamental Difficulties and the Scientific Method

The study of groundwater flow has generally been
characterized by the advancement of theoretical models whose
usefulness or “correctness” is subsequently tested by appli-
cation. As examples, one may cite Terzaghi’s {1923] theory as
a description of consolidation and Jacob’s [1940] equation as
a description of transient flow in aquifers. Both contain nu-
merous simplifications and assumptions and yet have been
shown, through application, to provide useful descriptions in a
wide range of problems. As a more recent counterexample,
consider the classic convective-diffusive description [e.g.,

1189

Ogata, 1970] of solute transport in groundwater; recent work,
including experimental studies, have shown it to have impor-
tant limitations [e.g., Simmons, 1982].

The ability to test conceptual models of flow in low-
permeability environments is severely limited by the con-
straints of time; response on a large scale takes too long to
observe. Even if monitoring efforts were to extend over dec-
ades, the changes would often be unobservably small. In effect,
even under the most ideal conditions for data collection all we
can obtain is a “snapshot” of the dynamic behavior. In practi-
cal terms this means it is difficult to ascertain the appropriate
mathematical descriptions and parameters through experience
with application to actual systems. Uncertain size scale depen-
dence of hydraulic and membrane conductivities and uncer-
tain time scale dependence of storage parameters are the
manner in which this problem is manifested in the current
theoretical framework.

The difficulties here are fundamental; they cannot be readily
overcome by technological or analytical advances. One way
around the problem is to seek indirect evidence for long-term
behavior of porous media by studying the geologic evidence of
processes which have been operative for a long time. The
nature of the problem is such, however, that significant uncer-
tainty is likely to remain a component of most analyses en-
compassing large spans of time.

In actual geologic environments one is likely to be faced
with a multitude of former and present geologic processes
occurring at rates comparable with rates of pressure dissi-
pation in tight rocks. Stress, temperature, chemical, and other
effects can all play a part in hydrodynamically stressing the
system; the lack of quantitative understanding of these pro-
cesses presents difficulties. It has so far proved very difficult to
identify the significant and insignificant processes with confi-
dence.

Viewing in the context of scientific inquiry [Bredehoeft et
al., 1983] one attempts to explain observed conditions by con-
structing rational physical models of the processes causing
them. Rational models for several causal processes can often
be proposed. The scientific method therefore requires that the
models be testable to premit rejection if they are inappro-
priate. Unfortunately, low-permeability systems are dis-
tinguished by the fact that indicative experimental tests are
extremely difficult in practice.

NOTATION
C dimensionless coefficient.
C,, Cy solute concentration at sample boundaries (M/L).
C, solute concentration at a point (M/L).
E electrical potential (I2M/QT?).
G geothermal gradient (deg/L).
h  hydraulic head (L).
k' hydraulic head above or below hydrostatic (L).
J; flux of ith component (various dimensions).
K hydraulic conductivity (L/T).

K, chemicoosmotic conductivity (I?/T).
K, electroosmotic conductivity (QT/M).
L ground elevation (L).
L, coupling conductivity (various dimensions).
| representative size dimension (L).
n porosity (I3/I3).
q groundwater flux (I3/T).
S, “one-dimensional” specific storage, equal to

S{1 ~ ) (L™1).
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“three-dimensional” specific storage, equal to
ylle — ) + nloy — a)] (L7,

T temperature (degrees Celsius).

t time (T).

t* dimensionless time.

v fluid volume ().
X, kth thermodynamic driving “force” (various

dimensions).
z vertical distance.
bulk compressibility of porous medium (LT2/M).

a, compressibility of groundwater (LT?/M).

o, bulk compressibility of solids (LT?/M).
thermal expansivity of groundwater (1/deg).
vertical compressibility (no horizontal strain)
of porous medium, equal to {(1 + v)/
{3(1 — V1}(LT?*/M).
vertical compressibility (no horizontal strain) of
porous medium for compression only (LT?/M).
effective vertical compressibility (no horizontal
strain) which accounts for long-term
compressional deformation (LT?/M).
a,. vertical compressibility (no horizontal strain) of
porous medium for expansion only (LT?/M).
effective vertical compressibility (no horizontal
strain) which accounts for long-term expansional
deformation (LT2/M).
f “three-dimensional” loading efficiency, equal to

{(o — a)/[(x — &) + n{ox; — o,)]} (dimensionless).
y specific weight of saturated medium, equal to
(1 — n)y, + ny, (M/I?T?).

v, specific weight of solids (M/I?T?).
v, specific weight of groundwater (M/I2T?).
Yoy =7

{ “one-dimensional” loading efficiency, equal to

{[A( + M/I3(1 — v) — 201 — o, /)B(1 — 2)1}

(dimensionless).

Kk “one-dimensional” hydraulic diffusivity, equal to
K/S, (I/T).

£ “three dimensional” hydraulic diffusivity, equal to
K/$, (/7).

4 dimensionless coefficient, equal to {[2(1 — o, /o)1 —
201/03(1 — W1}
v Poisson’s ratio for the porous medium
(dimensionless).
o, mean total stress (M/T2L).
o, vertical total stress (M/T2L).
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Abstract

Although drilling fluids play a major role in preventing vertical fluid
migration from deep injection zones inte underground sources of drinking water
(USDW), wvery little long-term data are available concerning the properties of
these fluids after they have been in the subsurface enviromment for an extended
period of time.

In an effort to gain a more definitive wview of actual long term mud
properties, 735 feet of an undisturbed, 29 year old, mud column were removed
from an abandoned well at the request of the Texas Water Commission (TWC). This
continuous 735 foot mud sample was analyzed in the Envirocorp laboratory to
determine mud density, gel strength, and shear strength as a function of depth.

As expected from laboratory and operational field data, mud density
remained relatively unchanged over the 29 years, gel strength increased to 267
1bs/100 £ft?, and the mud remained fluid, even for samples with a gel strength
of 7000 1bs/100 ft?-

Introduction

The intent of this paper is to show that water-based drilling fluids,
which contain bentonite or natural clays, provide adequate long-term protection
against wvertical fluid migration in abandoned wellbores along the Texas,
Louisiana Gulf Cecast and in other areas where similar geology is encountered.
The basic approach taken in this paper is to provide a brief review of those mud
properties relevant to the issue of wvertical fluid migration, to predict the
long-term behavior of these relevant mud properties from the available
literature, and finally, to compare the predicted long-term mud properties with
actual mud properties from a 29 year old field mud column. This mud sample was
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removed in a single continuous operation from a previously plugged and abandcned
wellbore. The field mud column was obtained in August of 1988 from an abandoned
dry hole drilled in November of 195%. The well was located near Corpus Christi,
Texas.

As will be seen throughout this paper, a significant number of references
are used from George R. Gray and H. C. H. Darley'’s 1980 revised text, Composition
and Properties of 0il Well Drilling Fluids. The reason for referencing this
text, rather than the underlying literature, is to demonstrate that many of the
topics addressed in this paper are fundamental to the drilling industry and have
been the subject of investigations over the past 50 years. Although the
perspective presented in this paper is slightly different, the data collected
by previous investigators are relevant to the current concerns about the ability
of drilling fluids to prevent wvertical fluid migration in abandoned wellbores.
The major mud properties discussed in this paper include:

Fluid Density

Gel Strength

Mud Dehydration Potential
Filtercake Buildup

Formation stresses and their effect on a mud column will alsc be discussed
with respect to the ultimate forces acting within a mud column over an extended
period of time.

Drilling Fluid Properties

As indicated by Gray and Darley (1980, p.4), drilling fluids serve a
variety of functions in the drilling industry. However, from the standpoint of
resistance to vertical migration, the most relevant functions performed by a
drilling fluid are those that:

Prevent the flow of reservoir fluids into the wellbore,

Stabilize the uncased section of the wellbore,

Prevent solids settling during quiescent periods, and

Develop a filtercake to prevent excessive fluid loss from the wellbore
into the formation.

These drilling fluid functions are controlled by fluid density, gel
strength, and mud solids.

Fluid Density

Drilling fluid density is the only short-term property of a drilling mud
which can prevent reservoir fluids from entering the wellbore. Fluid density
is also the only mud property that can prevent formation collapse due to tectonic
stresses or unconsolidation of the formation. In general, as indicated by
Mitchell, Goodman, and Wood (1987), and by Gray and Darley (1980, p. 355)
drillers commonly use a mud weight that will overbalance the highest formation
fluid pressure encountered by a "safe margin” which will commonly range between
200 to 400 psi. The overbalanced mud weight is used to provide a conservative
margin of error to prevent fluid flow into the wellbore.
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Along the Gulf Coast, increased mud weight is also used to prevent the
unconsolidated formation from sloughing into the well, As an example, a well
recently drilled in the Upper Texas Coast under the supervision of Envirocorp
required an 8.8 pound/gallon (lb/gal) mud to balance the formation fluild pressure
during a gravel pack operation. However, the mud weight needed to be inecreased
above 9.4 1b/gal to prevent the sides of the open hole from sloughing into the
wellbore.

The above example, and the data provided by Mitchell, Goodman, and Wood
(1987) demonstrate that the original mud column will commonly overbalance the
highest static reservoir pressure encountered by 100 psi or more. The average
overbalance pressure indicated by the data provided by the above authors is
approximately 350 psi.

Mud weight can be increased by either increasing the salinity of the brine,
or by adding insoluble solids to the mud. For omshore Gulf Coast drilling
operations, barite (RaS0,) is the weighting material of choice due to its
comparatively low cost and ease of handling. Long-term maintenance of the mud
weight is controlled by the gel strength developed in the mud.

Gel Strength

Gel strength serves two important functions in terms of preventing vertical
fluid migration. First, gel strength is the mud property necessary for keeping
the solid weighting materials suspended in the mud for extended periods of time.
Second, long-term gel strength provides additional resistance to vertical
migration due to the increased pressure required to initiate fluid movement.

To understand the buildup of gel strength within muds and why it occurs,
it 1s necessary to review briefly the basic concepts which have been proposed
to account for the gel strength of clay mud systems. As discussed by Gray and
Darley (1980, Chapter 4), and the studies referenced in their text, the
development of gel strength in a mud is associated with the charged surfaces of
the clay particles used to develop mud viscosity. These authors point out that
the edges of the clay particles have a different charge than their crystal or
platelet faces. The difference in the charges on the faces and edges cause both
electrostatic repulsive and attractive forces between the individual clay
particles. During drilling operations, the mud is subjected to high shear forces
which disturb the electrostatic interactions and allow only lecalized
interactions to cccur between individual platelets. The shearing action results
in a lowering of the operating viscosity.

During static periods, when the drilling fluid is not being sheared, the
charged surfaces cause the clay particles to align according to natural kinetic,
steric, and thermodynamic forces. This natural development of a “gel” structure
between the clay particles and the surrounding water can extend over a
considerable distance. It is the formation of a structured relationship between
clay particles and the water molecules which gives rise to the gel strength.
Again, solid particle aligmment, i.e. the gel structure, is due to the natural
thermodynamic tendency to maximize the electrostatic attractive forces and
minimize the repulsive forces. Thus, gel strength in clay, water-based drilling
fluids is seen to be a natural phenomenon that can be explained using the basic
chemical and physical laws of nature.
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With the understanding that the formation of a gel structure is a natural
and fundamental property of clay, water-based drilling fluids, it is easier to
address the importance of gel strength from an empirical perspective. Empirical
studies of gel strength have been performed by a variety of investigators and
have been partially summarized by Davis (1986).

The intent of the following paragraphs is to briefly demonstrate that gel
strength naturally increases with time, far excéeds the gel strength required
to maintain the original fluid density, and will reach an ultimate strength
approaching or in excess of 100 pounds/100 square feet (1lbs/100 ft?) in a matter
of days.

The time dependence of gel strength was reported over 50 years ago.
Garrison’s original work, published in 1939, showed the gel strength of a
montmorillonite clay, water system could be empirically corxrelated with time
using the following equation:

t/8 = t/8" + 1/8'k
Where:
£ = Time After Shearing Stopped
§ = Gel Strength at Time, €
§8' = Ultimate Gel Strength
k = Rate of Gelation

Figure 1 is a plot of Garrison's data in Table 1 for gel strength versus
time. Figure 2 presents the same data plotted as t/S versus t. As a point of
reference, a gel strength of 1.0 dyne/cm@ is equal to 0.21 1lbs/100 £r2,

TABLE 1

GEL STRENGTH MEASUREMENTS

GEL STRENGTH

BENTONITE AFTER_135 MINUTES
PERCENT IN WATER CURVE  ADDITIVES dynes/cm? 1bs/100 ft?
4.3 L 3.4 7
5.5 2 eeeeee- 4.4 16
6.5 3 114.0 24
5.5 4 0.1% Na Tannate 104.0 22
5.5 5  Sodium Hydroxide 99.7 21

(Revised from Garrison, 1939)
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GEL STRENGTH, DYNES / CM?

FIGURE 1

GEL STRENGTH IN RELATION TO TiME
AND RATE OF REACTION
(FROM GARRISON 1939)

SEE TABLE 1
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FIGURE 2
GEL STRENGTH AND RATE CONSTANTS

(FROM GARRISON 1939)

SEE TABLE 1
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Weintxitt and Hughes (1965) measured the gel strength of three field muds as
a function of time, As mentioned by Gray and Darley (1980, p. 205), Weintritt
and Hughes’ data follow Garrison’s model only at early times. For longer time
periods, the gel strength continues to increase at a rate in excess of what
Garrison's model would predict. Weintritt and Hughes' data, Table 2, are
graphically presented in Figure 3 which demonstrates that for these field muds,
gel strength is approximated more closely by a linear relationship with time
after the first two hours, The importance of these data is not the exact
relationship between gel strength and time, but rather, gel strength increases
with time, and that a gel strength for clay-based field mud systems will normally
exceed 25 lbs/100 £t? in a matter of days, if not hours.

The next step in the evaluation of the resistance a mud column provides
against vertical fluid migration is the estimation of the minimum gel strength
required to suspend solid weighting material indefinitely in the drilling fluid.
The gel strength required to prevent a spherical solid of radius r from settling
can be estimated using the following equation:

(pp - pP)E(4TT/3) = G (7r?)
oY
G =4 (pp.peler/3

where:
Pp = density of barite (4.2 g/cm;)
py = density of water (1.0 g/cnﬁ)
g = acceleration due to gravity (981 cm/seca)
r = radius of barite particle (cm)
G = Gel Strength (dynes/cm?)

If the maximum radius of barite is assumed to be 0.00635 em (0,0025 inches)
or larger, the largest 3% of the solids allowed in standard API barite (Gray
and Darley, 1980, p. 533), the gel strength is calculated to be 26.6
dynes/cm® or 5.6 1bs/100 ft?. This calculation shows that only a minimal gel
strength is required to keep over 97% of the barite weighting material suspended.
Since barite density is 4.2 g/cmF, bentonite density is 2.8 g/cmg, and the
density of sandstone is 2,65 g/cms, it is clear that the gel strength in field
muds will reach a value in excess of the gel strength required to maintain mud
density in less than an hour. Only the larger drilled soclids and the largest
3% of the barite have any potential for settling during this time period.

As indicated by the above calculation, a gel strength of 5.6 1lbs/100 fté is
adequate to suspend the largest 3% of the barite particles in the mud. It should
be noted that the development of a sufficient gel strength to prevent barite from
settling does not mean that drilled solids do not settle from the mud. An
examination of the settled solids, as discussed later in this paper, shows that
the settled solids are composed mainly of drilled solids that are significantly
larger than the barite used as weighting material. During the first twenty to
thirty minutes of quiescence, these particles may be large enough to settle to
the bottom. It may even be possible that the largest barite particles will also
settle. However, the loss of these materials will not alter the mud weight
significantly, since the large drill solids are removed at the surface, and are
not included in the measured mud density. Furthermore, the largest barite
particles with any potential to settle constitute less than 3% of the total
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TABLE 2

COMPARISON OF MUD PROPERTIES WITH PROGRESSIVE GEL-STRENGTH TESTS
GYP-FERROCHROME LIGNOSULFONATE EMULSION HUDS

SAMPLE
Mud E Mud F Mud G
No Treatment 3 lb/bbl PCL
Weight, unstirred, 1lb/gal 11.0 10.7 10.6
Weight, stirred, lb/gal 11.0 10.3 10.7
Plastic Viscosity, cp 14 23 16 15
Yield Point, 1b/100 sq ft 3 6 2 1
10-sec gel, 1b/100 sq ft 1 2 1 0
10-min gel, 1b/10Q sq ft 8 8 7 3
API filtrate, sl 6.2 3.3 5.2 2.9
pH 10.9 10.6 10.5 10.4
Composition:
Water % by wvol 76 63 75
0il, % by vol 5 11 9
Solids, % by wol 19 16 16
Solids, % by vol 39 36 37
Solids, SG 2.7 2.9 3.0
Filtrate Ion Analysis:
Chlorides, ppm 3500 400 3000
Sulfates, epm 250 300 130
Carbonate, epm 24 28 12
Bicarbonate, epm 12 160 12
Calcium, epm 44 52 44y
Progressgive Gel Strenpgths Temperature (*F)
1b/100 sq ft
Time 75+ 180+ 75 186+ 75+ 180+ 75 180:
0 minutes 1 1 2 2 1 1 0 0
3 minutes 2 3 2 5 3 8 1 1
10 minutes 8 18 8 12 7 26 3 3
30 minutes 15 40 11 18 17 58 5 3
60 minutes 27 90 18 16 29 91 6 6
2 hours 31 145 22 22 29 104 7 7
4 hours 37 190 29 42 46 172 10 10
8 hours 46 190 33 42
16 hours 80 320 40 57 95 320 25 25

(From Weintritt and Hughes, 1965)
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GEL STRENGTH, lbs / 100 ft2

FIGURE 3
GEL STRENGTH vs. TIME
FOR 3 FIELD MUDS AT 75°F
(FROM WEINTRITT AND HUGHES, 1965)

SEE TABLE 2
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barite in the mud. Therefore, the loss of these larger barite particles will
not alter the mud density by more than 0.3%.

As an example consider a 10 1b/gal, mud system with the following formulation:

Component Specific Concentration Volume
Gravity {(1bs/bbl) Percent
Bentonite 2.8 18 1.84
Barite 4,2 77 5.26
H,0 1.0 325 92.9

A loss of 3% barite would lead to the following mud system:

Component Specific Concentration Volume
Gravity {(lbs/bbl) Percent
Bentonite 2.8 18.1 1.84
Barite 4.2 74.7 5.08
H,0 1.0 326 93.1

The weight of this second system is 9.97 1b/gal, which reflects a total
reduction in mud weight of 0.3% or &4 psi per 1000 feet of mud column. This
number is a conservative value since less than 3% of the barite is expected to
settle, the radius of the largest particles has been over estimated, and the
minimum gel strength required to prevent solids from settling will be reached
in less than thirty minutes (Table 2).

Other areas which need to be reviewed concerning long-term mud properties
are associated with the following relationship between the drilling fluid and
the formation:

# Formation Stresses
e Mud Dehydration
m Filtercake Formation

Formation Stresses

Three phenomena, faulting, hole stability, and hydraulic fracturing;
contribute to our knowledge of formation stresses. General experience and
theoretical models continually demonstrate the existence of stresses in the
underground which always act in a direction to close a borehole in unconsolidated
formations along the Gulf Coast (Gray and Darley, 1980, Chapter 8). The
existence of these stresses in Gulf Coast formations requires that, over a long
period of time, the following relationship must hold:

Formation Friction + Mud Hydrostatic Forces + Gel Strength = Formation Stress

Since the general experience associated with deep wells is that the
diameter of wellbores along the Gulf Coast will shrink due to plastic flow of
shales, and long-term shale creep (Gray and Darley, 1980, Chapter 8 and Mitchell
et al, 1987), an enclosed mud column must acquire the increased stresses imposed
by the surrounding formation. Since the mud is a gelled fluid, these forces will
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be transmitted as an increase in hydrostatic pressure throughout the mud column.
The eventual limit of this increased stress will be the same force per unit area
required to maintaln an open fracture in the weakest exposed formation., The
resistance offered by a drilling fluid to upward migration of fluids will
approach or exceed that of the formation itself due to the hydrostatic nature
of the mud.

Mud Dehydration

Some concern has been raised that drilling fluids ecan eventually be
dehydrated and cracked. If this were to occur, it is speculated that an open
conduit would exist for fluild flow up a wellbore, Again, the literature data
provided by Gray and Darley (1980, p. 366) demonstrate that clays in general,
and smectite clays in particular, are prone to adsorb water, and that these clays
can develop significant swelling pressures due to water adsorption. This process
of brine adsorption by bentonite has been demonstrated numerous times, and amost
spectacular presentation of this swelling process can be observed in the 1972
Drilling Fluid Engineering Manual provided by Macobar (1972). It is interesting
to note that compaction of these clay systems, due to compressing the water out
of the clay samples, can result in fluid permeabilities on the order of 10°%
darcies (10 md) (Gray and Darley, 1980, p. 271).

The data provided by Gary and Darley and their cited references
demonstrate that clay muds will remain hydrated while in contact with a source
of water. Therefore, at a minimum, all the drilling fluid clays must remain
hydrated below the top of the first continuous aquifer. Since the first aquifex
in the Gulf Coast region is only tens of feet below the surface, it is improbable
that dehydration will have any measurable effect on resistance to flow offered
by the mud column especially if a conservative estimate for gel strength of 25
1bs /100 £t? is used in an additive manner to calculate 7resistance. It is
important to poilnt out that if a dehydrated mud is later contacted with an
aqueous fluid, the above data indicate that the mud would swell as it gaimed
water. The swelling would close all ecracks in the dehydrated mud, and therefore
close off the existing path for fluid migration. This would also add hydrostatic
pressure to the mud column once the clays were again fluidized.

In more inland areas, the top of the mud column can be comnservatively
located at the top of the first aquifer encountered below the surface. The
effect of this correction will be site specific, and dependent upon the mud
weights used, the gel strength of the mud, and the amount of formation stresses
transferred to the mud column.

Filtercake Buildup

The ability of the mud column to resist upward flow of fluids is mest
dependent on the long-term density of the fluid. It has been suggested that
drilling fluid solids may be squeezed into permeable formations, and therefoerxe,
a sgignificant reduction in the hydrostatic head could occur. The loss of
hydrostatic head would then allow fluids to flow more easily from the injectiom
zone to a USDW.

A review of the filtration properties of clay-based drilling fluids and

an understanding of gel strength can be used to alleviate this concern. One of
the primary designed properties of a drilling mud is fluid loss contrel fox
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fluid flow into the formatiom. The clay-based systems use bentonite oxr the
natural clays to provide viscosity, gel strength, and filtercake formation to
control fluid loss. The fact that a filtercake forms with little invasion of
solids into the formation (Gray and Darley, 1980, Chapter 6) demonstrates that
the loss of drilling fluid solids into the reservoir is minimal under ordinary
conditions. Basically, the solids are too large to migrate into the formation,
and they must remain in the wellbore unless they are naturally fractured into
the formation due to the accumulation of formation stresses encountered over a
long period of time.

Since the solids must remain in the wellbore as demonstrated by filtercake
buildup, the only mechanism available for relieving the formation stress
accumulated in the mud column is the compaction of the mud column, and the
movement of water into the formation. However, the loss of water into the
formation must naturally be followed by three changes in the mud properties.
First, the mud column will increase in density due to the loss of the lower
density water. Second, the gel strength of the mud will increase, as the solids
are brought into closer contact with each other. Third, the actual low
permeability of the mud column to fluids must decrease. The reduced permeability
reached by compaction of the clay mud could be as low as 10°7 darcies, although
two to three orders of magnitude higher permeability would ‘be sufflc1ent to
prevent significant vertical fluid migration (Gray and Darley, 1980, p. 271).

Expected long-Term Mud Properties

The review of known mud properties for clay, water-based drilling fluids
presented thus far leads to the following expectations for long-term mud
properties:

1. The density of a clay, water-based drilling fluids should not be altered
by more than 0.3% over an extended period of time, since adequate gel
strength will be developed to prevent solids settling.

2. The mud density will overbalance original formation pressure by at least
100 psi or more.

3. Gel strength will reach a minimum of 25 1bs/100 ft? and will most likely
exceed 100 1bs/100 ft? over an extended periocd of time.

4. For cased holes, the top of the mud column in abandoned wells will be
elose to the surface, since the mud must remain inside the hole after
it is abandoned.

5. For an open hele in hard rock country, the major conservative
consideration will be the location of the first water aquifer below
ground level due to potential dehydration and cracking of the drilling
fluid. Dehydration of muds below this point is highly improbable, if
not impossible, due to the water adsorption properties of the clay. It
should be realized that the point where dehydration causes loss of
density and cracking of the mud could occur significantly higher in the
mud column due to the water adsorping properties of the clay and
capillary forces.
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6. Recontacting a dehydrated mud with water will cause the clays to swell
and close off any potential cracks in the dry cake.

7. For an open hole in regions such as the Gulf Coast, the stresses in the
formation should load the mud column and increase the hydrostatic head
with time. The expected increase in hydrostatic head is caused by a
reduction in the wellbore diameter due to wellbore closure without a
commensutrate loss of material from the drilling fluid. The increase
in hydrostatic head will provide resistance to vertical migration that
approaches the pressure required to fracture the weakest exposed
interval.

8. The solids in the mud camnot be forced into the formation by means other
than fracturing of the weakest exposed formation.

9. Loss of water to the formation due to wellbore closure will increase
both mud density and gel strength. If total compaction of the fluid in
the wellbore occurs, the permeability of the compacted columm could
approach 107 darcies.

In all cases, for the mud systems reviewed, except for dehydration effects
which have not yet been quantified in the literature, the long-term mud
properties are expected to be more resistant to vertical migration of fluid than
the original mud. Since the original mud density typically overbalances formation
pore pressure by 100 psi or more, it is realistic to expect that mud filled
wellbores will not provide a conduit for fluid flow from the injection zone to
a USDW under the wvast majority of operating conditions,

Measured lLong-Term Drilling Fluid Properties

Before presenting the data for the mud properties of the 29 year old mud
obtained from the abandoned well located near Corpus Christi, Texas, 1t is
valuable to review the mud properties and the well schematic for the well after
it was plugged and abandoned (Figure 4).

As the data in Figure 4 indicate, the mud density was recorded te be
approximately 11.0 lbégal. The 10 sec and 10 min gel strengths were recorded to
be 0 and 3 1lbs/100 ft°. From the preceding arguments, the density of the mud
would be expected to remain 11 1b/gal, and the gel strength should be at least
100 1bs/100 £t as suggested by the data provided by Weintritt and Hughes (1965).

The data presented in Table 3 and Figure 4 show that the average density
of the mud over the 740+ feet recovered was 11 lb/gal, and the average gel
strength of the mud was 267 lbs/100 £t%. The shear strength of the mud was also
measured using the standard technique mentioned by Gray and Darley (1980, p.
101). The average shear strength was determined to be 260 lbs/100 ft?,

It should be remembered when evaluating these data, that the operators are
disposing of their mud at the end of the job and are no longer interested in
maintaining the quality of the mud system at the same lewel required for
drilling. The wvariations in density observed in Figure 4 are likely due to the
final variation in mud properties in the mud pit as the mud was pumped downhole,
and not to solids settling. This reasoning is supported by the fact that the
mid level mud densities were the lightest encountered in the mud column. If
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WELL : NORA SCHULZE Ne. 2

LOCATION : CORPUS CHRIST! AREA

MUD TYPE : LIGNOQSULFATE 2

MUD DENSITY : 11.0 POUNDS/GALLON

GEL STRENGTH : 0/3 POUNDS FORCE/100 FEETZ
DRILLING COMMENCED : NOVEMBER 13, 1959
WELL P&A : NOVEMBER 25, 1959

DATE OF MUD SAMPLE : AUGUST 26, 1988
DEPTH OF MUD SAMPLES ;: 12' TO 754' BGL

WELL DIAGRAM

=il ALL DEPTHS RELATIVE TO GROUND LEVEL
|« STARTED PUSHING 4" PIPE AT 120"

STARTED DRILLING AT 774

-i|=a CEMENT PLUG 1035-1172'

<= 9-5/8" CASING
SET AT 1122'

=] TOTAL DEPTH AT 8512
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TABLE 3

RECOVERED MUD PROPERTIES FOR NORA SCHULZE NO. 2 WELL

MUD SHEAR GEL
SAMPLE DEPTH WEIGHT STRENGTH STRENGTH
Mo, (£t) (1b/gal) (1bs/100 £t2) (1bs/100 £t2)
1 - - - .-
2 60 12.0 540 304
3 111 10.9 230 296
4 174 11.0 310 295
5 207 11.2 190 »320
6 240 10.9 170 284
7 273 10.7 180 237
8 306 10.9 285 254
9 339 ) 10.5 190 288
10 372 10.9 245 272
11 405 11.1 280 220
12 438 11.1 255 222
13 471 11.1 301 292
14 504 11.1 300 230
15 537 11.0 430 292
16 570 11.0 225 217
17 603 10.9 240 236
18 636 11.3 650 >320
19 609 11l.4 750 ---
20 702 11.5 2100 ---
21 719 10.9 4700 ---
22 725 10.7 890 ---
23 731 11.3 7000 ---
Average mud weight using all samples - 11,1

Shear strength averaged for samples 3 through 17 - 260 1lbs/100 f?

Average gel strength of samples 3 through 17 - 267 lbs/100 ft?
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settlirzg was responsible for the density variation, then a regular increase in
density from the top of the column to the bottom of the column would have been
expected. This phenomenon was not observed.

The data presented in Figure 4 demonstrate that the long-term extrapolation
of the short-term laboratory and field data is reliable for the clay-based mud
systems . Currently available data do not indicate that the behavior of these mud
systems over an extended time pericd should be anything other than what the
current extrapolation of mud properties would indicate. In fact, all current
data suggest that the use of the short-term measured properties of a clay,
water-based mud system will provide a conservative long-term prediction of the
actual mud properties.

Two important points remain to be discussed. First, all samples flowed from
the collection tubing in the field except for the samples isolated in the last
three pup joints. The shear strength of the last three samples ranged between
890 and 7000 1lbs/100 ft?, When these three samples were placed in 5 gallon
pails in the laboratory, they showed the properties of a fluid, since they slowly
flowed into the bottem of the pail rather than retaining the shape of tubing.
Second, it was evident that a large amount of drill solids had settled to the
700 foot range, since large fragments of drill cuttings could be felt in the mud
samples below this depth. The bottom samples felt gritty, while samples taken
above this point did not have a gritty texture.

The first obsexrvation discussed in the previous paragraph shows that the
mud removed from the hole remained fluid, demonstrating the ability of this mud
to transmit hydrostatic pressure. This was true even for samples with 2000 to
7000 1bs/100 £t? shear strengths. Since the average density remained
approximately 11 1b/gal, it was evident that the hydrostatic forces associated
with the original mud were not altered. The second observation correlates with
past observations in the oil field. Basically, some drilled solids, and
potentially some barite will settle upon standing. However, the settling of
these solids is not sufficient to cause a major change in the average mud
density, although they will contribute to a significant increase in gel strength
in the replon where solids finally settle., The final settling point may not
necessarily be the bottom of the hole.

Sample Collection

The samples from the reentered well were obtained by forecing 2-7/8 inch
tubing into the well with a special coring device attached to the driving edge
of the tubing. From a depth of 120 feet to approximately 740 feet, the tubing
had to be pushed into the wellbore, because the tubing weight alone did not apply
enough force to move the tubing through the mud. At a depth of approximately
740 feet, the tubing could no longer be pushed into the wellbore. The tubing
was pulled from the well at that point, and the mud in each joint was allowed
to flow into a 5 gallon plastic pail which was quickly sealed. The bottom three
pup joints, each 6 feet in length, were sealed for shipment back to the
laboratory because the mud in these joints did not flow easily from the tubing.
From +740 feet to #1100 feet, the mud could not be cored using the above
techniques, and it was therefore necessary to drill and circulate the remaining
drilling fluid ocut of the hole.
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Conclusions

The 29 year old mud properties measured in this study support the
expectations associated with extrapoclating short-term mud properties over an
extended period of time,. Mud density remained essentially unaltered, gel
strength exceeded 100 1bs/100 ft2, and, even for the most highly gelled samples,
the mud remained flujd. This last property is extremely important since it
supports the concept that formation stresses can be transmitted through the
drilling fluid column over extended periods of time. All evidence gathered to
date indicates clay, water-based drilling fluids provide adequate protection
against vertical fluid migration over a 10,000 year time period,
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INTRODUCTION

In the past few years the hydraulic aspects of ro-
tary drilling have received considerable attention. It is
generally recognized that accurate prediction of circu-
lating pressures is desirable, particularly in those areas
where a delicate pressure balance is necessary to prevent
both blowouts and lost circulation. For calculation pur-
poses the standard hydraulic equations for the pipeline
flow of Newtonian fluids have been altered to facili-
tate similar calculations for non-Newtonian or plastic
fluids.””® This latter classification includes most colloidal
types of drilling muds.

Two properties: plastic viscosity, u,, and Bingham
vield value, Y,, are commonly used to define the flow
characteristics of a plastic fluid. These are commonly
obtained with multispeed viscosimeters such as the Fann
V-G meter.” Normally these measurements are obtained
at some surface temperature, and are not corrected to
circulating temperatures for calculation purposes. This
may result in considerable error, particularly in the
laminar flow calculations which commonly apply to the
drill pipe-borehole annulus, The purpose of this study
was to investigate the effect of temperature on the flow
properties of some water-base muds.

EXPERIMENTAL PROCEDURE

A laboratory model Fann V-G meter was used
for measurement of viscosities, yield values and gel
strengths. An aluminum water jacket with O-ring seals
was machined to fit around the mud cup of the Fann
meter.

All mud samples were prepared by thorough mixing
in a Hobart mixer. Viscosity and gel strength measure-
ments were made with the Fann meter using standard
procedures. Flow properties of muds were studied at
80, 120, 160 and 180°F.

The compositions of the test samples are given in
Table 1.
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RESULTS

EFFECT OF TEMPERATURE ON FLow PROPERTIES

The typical effect of temperature on the flow proper-
ties of these drilling muds is illustrated by Fig. 1. It
was found that plastic viscosity and apparent viscosity
decreased with an increase of temperature. However,
the curves were not linear, and did not appear to follow
any definite trends or patterns. Yield point data showed
much more scattering.*

Since a usable method for predicting drilling mud
flow behavior with temperature was desired, an attempt
was made to find a simple relationship between these
variables. The basic approach used by Havenaar’ for
predicting the same effect on turbulent viscosity resulted
in Fig. 2, which shows that

TABLE 1—COMPOSITION OF MUD SAMPLES TESTED

Sample No. Composition

32 8 per cent bentonite mud

34 3 per cent bentonite mud

35 4 per cent bentorite mud

36 8 per cent bentonite mud

39 10 1b/gal, 4 per cent bentonite, barite mud

42 15 ib/gal, 4 per cent bentonite, barite mud

43 10 ib/gal, 10 per cent {by volume)} diesel oil, 4 per cent
bentonite, barite emulsion mud

45 15 ib/gal, 10 per cent (by volume) diesel oil, 4 per cent
bentonite, barite emulsion mud

47 10 Ib/gal, 4 per cent bentonite, barite, surfactant {DMS} mud

48 15 ib/gal, 4 per cent bentonite, barite, surfactant (DMS) mud

49 10 Ib/gal, low lime treated (1 [b/bbl), 4 per cent bentonite,
barite mud

50 15 1b/gal, tow lime treated {1 Ib/bbl), 4 per cent bentonite,
barite mud

51 8 per cent bentonite mud
Note: All mud samples referred to are water-base muds; per cents are by
weight unless otherwise specified.
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where p, is plastic viscosity of mud at temperature, T
e 1S water viscosity at same temperature, T; q,b are
intercept and slope of line, respectively; and T is tem-
perature, °F.

All muds tested fit this relationship closely except
the emulsion mud (No. 43). Its deviation was probably
due to changes in emulsion quality which would not
have occurred in a completely stabilized system. A
similar plot of apparent (600 rpm) viscosity is shown
in Fig. 3.

These observations make it possible to predict the
flow properties (u, and Y,) of these or similar muds
at common borehole temperatures; if they are known at
two lower temperatures. Data from this study indicate
that this relationship is valid to at least 200°F. Yield
values may be calculated from plastic and apparent
viscosity values using the following relationship.

Yo =2 (e = 1) > - - . (2)
where Y is Bingham yield value, lb/ 100 ft‘ and Pas Mp
are apparent and plastic viscosities of the mud in ques-
tion at the desired temperature, cp.

Knowledge of flow property behavior to 200°F will
cover pressure drop predictions in wells as deep as 15,-
000 ft in the Gulf Coast area. This assumes that the
average flow temperature in the annulus is approxi-
mated by the arithmetic average of bottom-hole circu-
lating and discharge temperatures. Data on down-hole
circulating temperatures are available in API RP-10B,
or from a convenient curve prepared by Smith.’

EFFECT OF TEMPERATURE ON GEL STRENGTH

Gel strength behavior is shown in Fig. 4. As ex-
pected, each mud had its own characteristic behavior
and no correlation was attempted.

CONCLUSION

Flow property variation with temperature to 200°F
of clay-water muds may be predicted by the method
presented in this paper. This of course does not apply
to other systems which might undergo appreciable chem-
ical alteration at the temperatures in question.
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ABSTRACT

A successful drilling operation is heavily
dependent on the effectiveness of the drilling
fluid in use. Exploration of new hydrocarbon
fields in complex subsurface environments
under high pressure and high temperature
(HPHT) conditions, requires the
development and use of exceptional drilling
fluids, which maintain their rheological
properties even at such hostile environments.
Drilling fluids are complex, non-Newtonian
systems and bentonite is a key component for
their formulation. The understanding of its
physico-chemical properties that is related to
different clay particle linking processes, can
lead to the development of “smarter” and
more effective drilling fluid systems. This
work examines the effect of temperature on
the rheological behavior of aqueous
bentonite  suspensions by performing
extensive rheological analysis which can
contribute to the understanding of the
interfacial and surface phenomena that take
place, as well as the modes of interaction
between bentonite particles in an aqueous
environment.

INTRODUCTION

Clay materials are widely used in several
industries such as oil and gas, pharmaceutical
and cosmetics, food, agriculture and
ceramics. Bentonite is an aluminium
phyllosilicate clay consisting mostly of
montmorillonite and is a key component for
drilling applications. It is mainly used to
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control the rheological and filtration
properties in water-based fluid systems. Due
to its high swelling capacity, it provides
exceptional flow capabilities by forming a
gel-like structure, which is responsible for
the yield stress of the suspension giving
superior  cuttings  suspension  when
circulation of the drilling fluid is stopped.
However, montmorillonite clay begins to
chemically break down at temperatures
higher than 121°C!, thus restricting its
application for HPHT wells without the use
of high temperature additives.

In drilling a well, it is essential to know
the effect of temperature on the rheological
properties of the drilling fluid at operational
conditions®>. The successful prediction of
frictional pressure drops is dependent on an
accurate knowledge of the drilling fluid
rheology®. As the fluids travel around the
wellbore, their rheological profile is
undergoing significant alterations. This can
be attributed to the HPHT downhole
conditions encountered, which can cause the
degradation of the drilling fluid additives as
well as to the chemical modification of the
fluid when it comes in contact with other
formations on its way to the surface®.

The combination of temperature,
pressure, time- and shear- history
dependence of the rheological properties
makes the characterization and forecasting of
drilling fluids rheological profile more
complicated. Good knowledge of the
synergistic interaction of different drilling
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fluid additives, can lead to the development
of “smarter” drilling fluid systems with
optimal and made-to-order rheological
properties®. In our preceding studies®’, we
used water-bentonite suspensions as the base
fluid for the formulation of complex drilling
fluid systems, giving superior rheological
and filtration characteristics. The different
additives used each time necessitate a deep
understanding of their strengths and
limitations in order to control the rheology of
the fluid and subsequently the drilling
operations performance.

Yet, despite some studies that were
carried out over the previous years>®°, which
have tried to understand the temperature
effect on the rheological properties of
aqueous bentonite suspensions, there is still a
lot of room for a deeper understanding of the
temperature  dependence of the flow
properties and especially of the contribution
of microstructure mechanisms.

This paper presents data showing the
effect of temperature (up to 70°C) at
atmospheric pressure on the rheological
properties of water-bentonite suspensions.
The experimental results point out that there
is a complex particle to particle interaction at
ambient temperature which is enhanced at
higher temperatures and that the produced
suspensions have reversible thermal/shear
history characteristics. Numerous physico-
chemical analysis techniques were employed
to reveal this phenomenon in order to
examine such complex inter-particle
structures.

EXPERIMENTAL

Materials and Sample Preparation

The bentonite (Aquagel-Gold Seal) was
supplied by Halliburton in powder form with
specific gravity 2.6 and without any polymer
additives, according to vendor specifications.
It is tan in colour with a pH range 8-10.

X-Ray Diffraction (XRD) and X-Ray
Fluorescence (XRF) analysis were employed
to reveal its mineralogical and chemical

200

composition, respectively. XRD analysis was
carried out using a Rigaku Ultima IV
multipurpose X-ray diffractometer. XRD
pattern was collected at 2theta (20) angle
from 3 to 80 degrees with a sampling width
of 0.01 degree and scanning speed of 0.5
degree/minute, and was analysed using the
Rigaku PDXL2 analysis software. The
elemental analysis of the Bentonite powder
was carried out using a Rigaku ZSX Primuss
II wavelength dispersive X-ray Fluorescence
(XRF) spectrometer (WD-XRD). The
powder sample was loaded on an aluminium
cup and a pellet is prepared using 20T power
press without adding any binder.

A Beckman Coulter Laser Scattering
Particle Size Analyzer with dry-powder
module was used to study particle size
distribution of the bentonite powder.

Finally, a FEI QUANTA 400

Environmental Scanning Electron
Microscope (SEM) equipped with EDAX
Apollo Energy Dispersive X-ray

Spectroscopy (EDS) system, was used for
surface structure and chemical analysis,
respectively. For SEM analysis, the samples
were coated with gold using a Leica EM
SCDO050 coating machine.

Bentonite (45.16 g) was added to 600 ml
of de-ionized water to give us 7.0 wt.%
suspension with pH range 7.8-8.2, and mixed
at 11000 rpm in a Hamilton Beach mixer for
20 min in order to create the samples. The
samples were prepared according to
American  Petroleum  Institute  (API)
procedures'®!!. The suspension was left to
hydrate for 16 h in plastic containers. All
rheological measurements for all tested
samples were taken one day after the initial
preparation of the samples. Before making
the rheological measurements the samples
were stirred for five minutes in the Hamilton
Beach mixer in order to achieve the same
shear history for each sample'®. The
preparation and measurement protocols for
each sample was followed strictly, in order to
ensure consistency and to minimize any
biases of our results.
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Rheological Measurements

The impact of temperature on the
rheological profiles of the water-bentonite
suspensions (7 wt.%) was examined at
various temperatures (25-70°C) and ambient
pressure using a Couette type viscometer
(Grace M3600). Viscometric data were
obtained at fixed speeds of 600, 300, 200,
100, 60, 30, 6, 3 rpm, which give Newtonian
shear rates of 1021.38, 510.67, 340.46,
170.23, 102.14, 51.069, 10.21 and 5.11 s,
respectively'?. The yield stress is estimated
from the obtained rheograms after
extrapolating the shear stress — shear rate
curve to zero shear rate and fitting an
appropriate rheological model. The readings
were taken from high to low speeds, while
rotation lasted for 60s at each rotational
speed, with readings being recorded every
10s, thus giving six measurements for each
rotational speed with a total duration of 8§ min
per cycle. These six values were averaged
and recorded. The rheological parameter
estimation was done according to the
Herschel-Bulkley (HB) model, given by Eq.
l:

r=1,,+K(y) (1)
which uses three rheological parameters, the
Herschel-Bulkley yield stress (z,,), the flow

consistency index (K ) , which is an indication

of viscosity, and the flow behaviour index
(n). The Herschel-Bulkley rheological

model has proven to give the most accurate
fitting results for  water-bentonite
suspensions used in these experiments.

Methodology
The rheological measurements of the

water-bentonite suspensions were performed
in the rotational viscometer, which was
connected to a circulating water bath being
able to maintain temperature with an
accuracy of £0.5°C. The water bath allowed
the water to circulate around the viscometer
cup, while the viscometer would run the
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experiment. The range of the tested
temperatures was 25°C-70°C. Preceding each
test, we started the circulating water bath and
waited until the desired temperature was
reached. The gradual increase of
temperature, was performed with a rate of
1°C/min. Once the desired temperature was
achieved, the sample was stirred for 5 min
using a mechanical stirrer (Hamilton Beach)
prior to each measurement, in order to
achieve the same shear history. Then, the
sample was placed into the measuring cup
and the experiment started immediately, with
an initial step of 200s at 600rpm, before any
values to be recorded. This step was added in
the experimental procedure in order to
achieve a temperature equilibration of the
sample. The temperature of the experiments
was monitored by a temperature sensor
embedded into the viscometer cup. Before
starting the experiment the exact temperature
of the sample inside the viscometer cup was
measured with an external thermometer in
order to double check temperature accuracy.
When a test was done, the tested sample was
transferred to the closed container and the
measurements with the same procedures
were repeated for other temperatures.

Three sets of experiments were carried
out with 5 samples in total. In particular:
a) 2 samples (S1 and S2) were measured at a
continuous temperature cycle (25°C->40
‘C260 "C>70 °C), referred as continuous
samples.
b) 2 samples (S3 and S4) were measured
directly at 40°C and 60°C, those being
referred as direct samples.
c¢) 1 sample (S5) was measured at 25°C after
natural aging for 1, 30 and 60 days.

RESULTS AND DISCUSSION

Physico-Chemical Analysis of Bentonite
XRD analysis of the raw bentonite
powder is shown in Figure 1. The major
mineralogical component of the bentonite is
montmorillonite, an absorbent aluminium
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phyllosilicate clay. Other bentonite clay
species such as illite and a small amount of
Quartz are also present as minor phases.
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Figure 1. X-Ray Diffraction (XRD) analysis
of bentonite.

XRF elemental analysis revealed that the
main elements in the powder are Si, Al, Fe,
Na, Mg and Ca, which are in accordance with
the chemical composition of bentonite clays
and quartz, identified by the XRD analysis
(Fig. 1). The weight percentage of the major
elements are reported in Table 1.

Table 1. X-Ray Fluorescence (XRF)
elemental analysis (%) of bentonite.
SiO, | ALOs | Fe,Os | Na,O | MgO | CaO
65.30 | 20.30 | 5.75 2.38 224 | 1.30

Particle Size Analysis (PSA), showed that
the mean particle size of the bentonite is
36um (Fig. 2). This is in agreement with the
observed particle size from the SEM analysis

(Fig. 3).

8 8 88
Wosoaos

Figure 2. Particle Size Analysis of bentonite
powder.
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We compare SEM images at 100um,
while insets are taken at 40um of the same
sample, from suspensions at 25°C (Fig. 3a),
then directly to 40°C (Fig. 3b) and 60°C (Fig.
3¢) and raw bentonite powder at 20um (Fig.
3d). Similarities and differences for their size
and morphology are evident when comparing
the suspensions with SEM. The main
conclusion that can be drawn from Fig. 3, is
that the suspensions have a smoother uniform
surface and better dispersion compared to
other samples. At higher temperatures (40°C
and 60°C), the surfaces of samples became
rougher with higher concentrations of porous
muffin-shaped particles on their surfaces.
This morphology can probably affect their
rheological characteristics, which requires
further investigation in order to gain a deeper
understanding. Higher magnification (Fig.
3d), reveals the particle size of the bentonite,
probably being composed of single platelets
with an average length of 20um. The EDS
elemental analysis of the bentonite powder
(Fig. 4) shows the presence of major
elements such as Si, Al, Na, Mg, K, Ca, and
confirms the results obtained from XRF
(Table 1).
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Figure 3. SEM images at 100um
and insets at 40um, from top to
bottom: a) water-bentonite
suspension at 25°C, b) water-
bentonite suspension tested
directly at 40°C, ¢) water-bentonite
suspension tested directly at 60°C
and d) bentonite powder at 20pm.

i 1L (L] m Ll L) {1 L] nm eV

Figure 4. Energy Dispersive X-Ray
Spectroscopy (EDS) analysis of raw
bentonite powder.

Rheological Analysis

It is apparent from the rheograms in Fig.
5 and 6, that the samples of water-bentonite
suspensions which were tested continuously
(S1 and S2), are highly sensitive at all tested
temperatures. The two samples display
similar rheological behaviour with maximum
shear stress differences +£5%. The fluids
exhibit a yield stress, followed by a shear
thinning behaviour with higher shear stress
values  for  increased  temperatures.
Furthermore, there are larger differences of
the stress values at ambient temperature at
lower shear rates compared to higher shear
rates. More specifically, at low shear rates
(5.1-170 s!) both S1 and S2 samples, have
almost doubled their shear stress values at all
tested temperatures, while at high shear rates
(510.69 and 1021.38 s!) the maximum
difference in the obtained stress values is
+10%. Fig.6 shows the rheogram of S2
sample, which tested back to 25°C after a
continuous testing at 25°C, 40°C and 60°C.
One can observe an interesting trend here. At
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high shear rates, stress values increased by an
average of 40% compared to the initial values
obtained at 25°C, while at 6 and 3 rpm the
stress values are similar to those obtained at
25°C, giving a similar yield stress value as
shown later. This can be plausibly attributed
to the microstructural network and gel-like
structure of bentonite suspensions, which is
broken at higher shear rates, while becomes
stronger at lower shear rates, giving rise to
the build-up of an interconnected network
structure in the aqueous suspension. Van
Olphen!?, reported that gelation of bentonite
particles is mainly governed by electrical
forces and as shear rate is decreased these
electrical interactions play a more prominent
role and affect the rheological properties to a
greater extent.
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Figure 5. Rheograms of 7 wt% water-
bentonite suspensions at different
temperatures (S1).

0 25C X 40C BOC 0 25C after Temp. Cycle

Shear Stress (Pa)
s

o} &
oxa

@ %
o

200 400 600 800 1000

Shear Rate (1/s)

Figure 6. Rheograms of 7 wt% water-
bentonite suspensions at different
temperatures (S2).
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Fig. 7 and 8 compare the apparent
viscosity of the suspensions (S1 and S2) at
the different tested temperatures (25°C-
70°C). It can be seen that higher temperatures
cause an increase of the viscosity at all shear
rates, for both S1 and S2 with shear thinning
characteristics. This is in contrast to the base
fluid (water) behaviour, where high
temperatures cause a decrease in viscosity
values. A possible explanation for this
behaviour is that exposure of the suspensions
at higher temperatures has caused a better
dispersion of the bentonite, therefore
increasing the number of individual platelets
in suspension. Our results are in good
agreement with these presented by Annis?,
who observed a significant increase in the
viscosity for higher temperatures and argued
that high shear rate viscosities are mainly due
to mechanical interaction of the solids and
the liquid. The low shear rate viscosities are
greater than the viscosity at higher shear rates
and this difference becomes greater as
temperature increases'*. This can be possibly
attributed to the fact that particle aggregates
were broken down into smaller flow units by
the applied forces, leading to lower viscosity
values at higher shear rates. Under high shear
rates the fluid is not able to build a strong
inter-particle network which arises from the
gelation of water-bentonite suspensions upon
exposure at high temperatures. The S2 (Fig.
8) was tested back to 25°C, after a continuous
testing from 25°C to 60°C, showing that
apparent viscosity was not significantly
affected when exposed to a higher
temperature (60°C), with a maximum of 5%
changes at higher shear rates and 15% at
lower rates.
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Figure 7. Apparent viscosity of 7 wt%
water-bentonite suspensions as a function of
shear rate at different temperatures (S1).
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Figure 8. Apparent viscosity of 7 wt%
water-bentonite suspensions as a function of
shear rate at different temperatures (S2).

Tables 2 and 3, give the rheological
Herschel-Bulkley (HB) parameters at
different temperatures for the S1 and S2
samples. It can be clearly seen that there is an
excellent fit of the HB model because of the
very high regression coefficient (R?) values
and the very small variation of the sum of
square errors (£Q?) achieved, with R? to be
higher than 0.99 in all cases and the range of
Q? between 0.35-1.43 Pa’.

Table 2. Herschel-Bulkley Model
parameters fitted at different temperatures
for 7 wt% water-bentonite suspensions (S1).

Herschel-Bulkley Model

Temp
e":‘:“’ T K n R? 5Q?
(°C)
(Pa) (Pa's) (Pa)?

25 | 338 | 0097 | 0.747 | 09990 | 045
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40 | 492 | 0050 | 0.833 | 0.9992 0.35
60 | 736 | 0.026 | 0.907 | 0.9972 0.88
70 | 819 | 0.022 | 0.931 | 0.9985 0.47

Table 3. Herschel-Bulkley (HB) Model
parameters fitted at different temperatures
for 7 wt% water-bentonite suspensions (S2).

Herschel-Bulkley Model
Temp
era:ur . K n R? 5Q?
(°C)
(Pa) (Pa-s") (Pa)?
25 3.04 | 0.053 | 0.802 | 0.9973 1.43
40 | 518 | 0.015 | 0.963 | 0.9967 1.43
60 | 692 | 0.009 | 1.017 | 0.9973 0.82
25" 1319 | 0.130 | 0.728 | 0.9993 1.14
*Rheological analysis at 25°C after a full temperature cycle (25°C-
60°C).

Fig. 9 presents a comparison of the HB
yield stress values over a range of
temperatures (25°C — 70°C) for S1 and S2
samples. Determining a trend of the yield
stress  development  across  elevated
temperatures is of great importance,
especially in drilling operations, in order to
understand the complex fluid flow properties
and optimize cuttings transport efficiency.
The existence of yield stress is related to the
Van der Waals forces, which promote the
formation of flocs that provoke a resistance
to flow. In water-bentonite suspensions
higher temperatures cause the flocculation
and dispersion of the bentonite platelets.
Yield stress values increase with temperature
for both samples. The first sample (S1)
showed an almost linear increase with 3.38
Pa at 25°C, 7.36 Pa at 60°C and 8.19 Pa at
70°C. This represents a change of 118% and
142%, respectively. The second sample (S2)
presented an increase in the yield stress
values at the tested temperatures from 3.04
Pa at 25°C to 6.92 Pa at 60°C (127% change).
The values of the yield stress for the two
samples are very close with a maximum
deviation of + 5% until 60°C. As the
temperature  increases, the  bentonite
flocculates giving rise to the formation of
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edge-to-edge or edge-to-face associations,
thus giving higher yield stress and viscosity
values®. It can also be seen that the change in
yield stress after the end of the continuous
temperature cycle is small, with values of
3.04 Pa and 3.19 Pa before and after the
temperature cycle, respectively. This proves
the reversibility of the produced suspension
(S2), which regains its original yield stress
value after an exposure at 60°C with small
variations of +£10%, in its viscosity values

(Fig. 8).

o¢

Yield Stress (Pa)

10 20 30 40 50 60 70 80
Temperature (°C)
Figure 9. Comparison of yield stress for the
tested samples (S1 and S2) at different
temperatures.

Fig. 10 presents the variation of flow
consistency (K) and flow behaviour (n) index
across a temperature range of 25°C - 70°C,
for the S1 sample. Analysis for the S2 sample
is not presented graphically for clarity
purposes, however the detailed values can be
seen in Table 3. One can observe the decrease
in K as the temperature increases, which
probably represents the decrease of water
viscosity. The flow behaviour index (n)
showed an increase which dictates that the
fluids tend to the Newtonian behaviour at
high shear rates, which can also be observed
when looking at the slope of the rheograms at
high shear rates (Fig. 5 and Fig. 6).
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Figure 10. Variation of Herschel-Bulkley
flow consistency (K) and flow behaviour (n)
index with temperature for the S1 sample.

Another interesting issue is the effect of
temperature in the produced suspensions
under varying conditions (time, temperature)
of exposure. For this reason, two new
samples (S3 and S4) were prepared, and
tested directly to 40°C and 60°C. From Fig.
11 and Table 4, it can be observed that the
samples which were tested directly at 40°C
and 60°C showed lower yield stress values
than these of the continuous cycle (25°C-
60°C), with an average decrease of 30%. This
difference is larger as the temperature
increases, which reveals the great impact of
temperature  history profile on their
rheological characteristics. Alderman et al.’,
reported that the rheological properties of
clay suspensions are extremely time,
temperature and shear-history dependent.

ss (Pa)

Yield Stre

Temperature ('C)

Figure 11. Comparison of yield stress values
of the S2 with samples that tested directly to
40°C and 60°C.
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Table 4. Herschel-Bulkley (HB) Model
parameters fitted for samples directly
measured at 40°C and 60°C (S3 and S4).

Herschel-Bulkley Model

Temp
eraetur To K n R? yQ?
(°C)

(Pa) (Pa-s") (Pa)?
Only
40°C 4.07 | 0.024 | 0.884 | 0.9963 1.29
Only
60°C 5.54 | 0.007 | 1.037 | 0.9949 1.44

The rheological stability of the produced
suspensions under different aging time was
evaluated by testing a new sample (S5) at
fresh conditions (1 day), after 30 days and
after 60 days at 25°C. Table 5 and Fig. 12
present the variation of the HB parameters
and the rheogram, respectively. It is observed
that there is a small increase in the yield stress
after 30 and 60 days with a value of 3.69 Pa
and 3.76 Pa, respectively, compared to its
initial value of 3.41 Pa. This can be attributed
to the formation of a stronger particle
network due to an enhanced clay platelet
dispersion over time. The variations in K and
n are small, while R? is higher than 0.99 in all
cases. Our results indicate that the prepared
suspensions were rheologically stable with
minor rheological changes after 60 days of
natural aging.

Table 5. Herschel-Bulkley (HB) Model
parameters fitted for the S5 sample at 25°C
after a) 1 day b) 30 days and c) 60 days.

25°C Herschel-Bulkley Model
Aging To K n R? S Q?
(days) (Pa) (Pa-s") (Pa)?
1 3.41 0.083 | 0.770 | 0.9992 0.74

30 3.69 | 0.095 | 0.754 | 0.9985 1.42

60 3.76 | 0.093 | 0.759 | 0.9983 1.73
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Shear Stress (Pa)

100 600 BOX
Shear Rate (1/s)

Figure 12. Rheograms of the S5 sample at
25°C for a) fresh conditions, b) after 30 days
and c) after 60 days.

CONCLUSIONS

In the present study, we investigated the
impact of temperature on the rheological
profile of the water-bentonite suspensions (7
wt.%) at various temperatures (25-70°C) and
ambient pressure. A comprehensive physico-
chemical characterization of the bentonite
was presented using XRD, XRF and SEM
analysis and coupled with rheological data in
order to reveal microstructural qualities
affecting the suspensions rheological
properties. SEM images of the suspensions
after different exposure temperatures,
revealed that the association of the particles
in different configurations plays a critical
role in their rheological profile. The prepared
water-bentonite suspensions were examined
for their rheological characteristics over a
shear-rate range of 5 to 1021 s! and exhibited
a yield stress followed by a shear thinning
behaviour, which tends to become
Newtonian at higher temperatures. The three
parameter Herschel-Bulkley model was
proved to have an excellent fit of the
experimentally derived data. Yield stress and
viscosity become increasingly sensitive to
temperature, as temperature increases.
Higher yield stress and viscosity values were
obtained for higher temperatures, which can
be attributed to the flocculation of bentonite
particles. High-shear viscosities are less
sensitive to temperature variations, which
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can be due to the gel-like structure of water-
bentonite suspensions, which breaks at
higher shear-rates, while they form a strong
microstructural network at lower shear rates.
The temperature history profile has a great
impact on rheological characteristics of the
suspensions, which  proved to be
rheologically stable after an aging period of
30 and 60 days with minor changes in their
rheological properties measured at 25°C. It
has been shown that by using standard

sample  preparation and  measuring
procedures, it 1is possible to achieve
reproducible data for the temperature

dependence shear rheology behaviour of
water-bentonite suspensions. Further
investigations are already under way in order
to elucidate the complex inter-particle
interactions which govern the rheological
behaviour of water-bentonite suspensions at
higher temperatures'.
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1. SUMMARY AND CONCLUSIONS

Many thousands of wells have been drilled and abandoned during the 130
year history of the u.s. . Regulations for plugging of such
wells were nonexistent in the early days of the industry and have evolved,
over the years, to their present effective Jevel. Thus, an unknown but large
number of abandoned wells exist that are unplugged or inadequately plugged by

today's standards.

As a result of incidents in which
sources of ground water contamination, such wells are often considered,

without discrimination among them, to be potential pathways for contamination
of drinking water (USDW). Such contamination can

flow of natural formation water or by transmission of
injected fluids from the injection reservoir to an USDNK.

In fact, the relative contamination potential of such wells ranges from
highly 1ikely to impossible, depending on a complex set of geologic and
hydrologic circumstances. The relative contamination potential of an

11 or wells in a particular geologic and hydrologic setting can be

abandoned we
by an understanding of the factors involved and can be

analyzed qualitatively
quantitatively analyzed with available numerical computer models. An example

of such a model analysis is given for a case where the abandoned well is
judged to not be 2 potential source of contamination to an USDW, even in the

presence of a nearby injection well.

abandoned wells have been {mplicated as

It can be concluded that abandoned unplugged or improperly plugged wells
may or may not pose a potential for contamination to underground sources of
drinking water, depending on a complex set of geologic and hydrologic
circumstances. Therefore, {t seems reasonable that regulation of ofl and gas
industry activities should take into account the wide range of contamination
potential of individual abandoned wells when establishing specific operating

restrictions in their vicinity.

I11. INTRODUCTION

During the 130 year history of the U.S. petroleum ind of
thousands of o1 and gas1 exploration and pros:ctiom ue]lsu:::: ::::r::§11ed-
many of which are abandoned. For many years, effective requirements for the
plugging of wells upon abandonment did not exist and, thus, an unknown but
very large number of unplugged or inadequately plugged wells exists in the
country. Such abandoned wells have been observed to be conduits by which

1. Under the Underground Injection Control re
‘ gulatory pro f u.s.
EPA, petroleum industry injection wells are defin:dp:ng:::sollt::IIs;

72



1 rs and, perhaps, injected fluids have wigrated between
natural formation wate Bs I ses. to the ground surface

face formations (Figure 1) an
?‘é?;".,:.'z;. This is a particular threat where injection wells are present
that increase reservoir pressures and can induce such fluid movement as s

shown in Figures 1 and 2.

As a result of such known or suspected incidents {nvolving abandoned

, some can be expected to belfeve that all abandoned wells pose 2
v amin SpW's. This paper is intended to priefly outline

contamination potential to U
the circumstances under which abandoned unplugged or improperly plugged wells
may not be a pathway for contamination of an USDW.

may and, on the other hand,

The paper will show that the circumstances that determine the extent of hqzard

of an abandoned well are very complex and have, only recently, become subject
te of such modeling is given 1in

to analysis by computer modeling. A case exasp
which an abandoned well is analyzed and judged to not be a threat to an USDW.

II1. GEOLOGY AND HYDROGEOLOGY OF OIL AND GAS PRODUCING REGIONS

A. General Geologic Frameworks

The vast ma jority of ofl and gas production is from sequences of
sedimentary rocks that occur in geologic basin areas and range in
thickness from a few thousand to over 50,000 feet. 011 and gas wells that
penetrate these sedimentary rocks range from several hundred to over
20,000 feet in total depth. Types of sedimentary rocks containing oil and
gas include sand and sandstone, siltstone, shale, limestone, dolomite,
salt, gypsum and, occasionally, other less common ones. Sand, sandstone,
limestone and dolomite are commonly porous and permeable enough to act as
oi1 and gas producing reservoir rocks whereas s{1tstone, shale salt and
gypsum are more likely to act as cap rocks or confining beds.

The various sedimentary rock types occur in intercalated sequences,
depending on the environment in which they are deposited and the nature of
the supply of the depositional material. In the United States, particular
geologic basins are characterized by the rock sequences that they contain.
For example, the Texas-Louisiana Gulf coastal region contains principally
interbedded sand-siltstone-shale, whereas various interior basins are
dominated by carbonate (1imestone and dolowite) rocks with occasional
sandstones and shales. These consolidated to semiconsolidated ofl and gas
bearing rocks are from Cambrian to Tertiary in age.

In many areas, the sedimentary rocks described above are overlain by
thin layers of unconsolidated gravels, sands, silts and clays of alluvial,
glacial or other origin that are of Recent or Pleistocene age and are

generally fresh-water bearing.
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Groundwater Occurrence and Movesment

A11 soils and rocks contain water, in the
from a few feet to, at most, 2 few hundred feet,
present to completely saturate the soi] or rock. The depth, at which
saturation occurs is termed the ground-water table. Below that depth, all

soil or rock is saturated and the contained water {s termed ground water.
often unconfined, that is, precipitation {s able

Shallow ground water {s

to infiltrate directly to the water table and recharge the

water-containing aquifer. At greater depths, ground water becomes

confined or semiconfined by the less permeable rocks in the sedimentary

sequence. 011 and gas occurs and is accumulated in deep confined aquifers
1imited locations where structural and stratigraphic

or reservoirs fn very
geologic conditions are favorable. A1l of the remaining subsurface rocks

are entirely water filled.

Ground water circulates in response to the hydrologic cycle of
precipitation, infifltration, recharge, ground water flow and discharge.
Shallow ground water my flow relatively rapidly, as much as several feet
per day, whereas very deep confined ground water may be almost stationary,
flow rates being so slow as to be unmeasurable with the methodology
available and in the time framework in which man operates.

. In areas of relatively gentle topography, water in confined aquifers
at the location of a single drilled well would rise in that w1l to nearly
a common elevation, when adjusted for the differing density of the water
in different aquifers. This condition is referred to as hydrostatic and
simply means that there is 1ittle or no potential for the water to move
vertically from one confined aquifer to another. In other cases, vertical
equilibrium does not, naturally, exist and flow {is occurring, though
usually slowly, among confined aquifers. The status of the local ground
water system, hydrostatic or not, is determined by drilling a borehole and
measuring the level of the piezometric surface in each successively deeper
aquifer by one or more of the various measurement methods available.

subsurface. At depths of
there is sufficient water

Groundwater Chemistry

The chemical quality of natural gronn&tcr is characterized by its
co:teut of the common cations, sodium, potassium, calcium and -gnes{uu
;? t{n common anfons; chloride, bicarbonate and sulfate and by the total

ssolved solids comprised by these constituents. Fresh waters contain up
to 1,000 mg/1 of TDS, brackish waters 1,000-10,000 mg/1, saline waters
10,000-100,000 mg/1 and brines greater than 100,000 mg/1 of TDS.

The salinity or TDS content of a und water {s
:g: and location and by the minerals tz:: it has conu:::r:‘urn::gb{t:ts
I :t:n. Young shallow waters tend to be low in TDS and deep old waters
“9“ n TDS. Often, a progressive increase in salinity occurs, with
: Pth, in the aquifers intersected by a borehole in an of) producing area
NCreased salinfty also means increased density. Fresh water weighs '
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] ith a TDS
4 1b/ft3 (nas a specific gravity of 1.0) whereas_a brine wit
‘ggntent of 100,000 mg/1 will weigh about 66.5 1b/ft° and have a specific
ravity of 1.066. The hydrostatic pressure gradient of the fresh water
pth and of the prine would be 0.469 ps?

ould be 0.433 psi per foot of de
;er foot of depth. -An "average"” hydrostatic gradient might be about 0.46

psi per foot of depth. -

D. Hydrogeologic parameters

To mke quantitative assessments of ground water flow patterns and
any consequent transport of contaminants in the subsurface, it is
necessary to measure or estimate a number of hydrogeologic parameters Or
characteristics of the fluids and rocks involved. Fluid properties are
density, viscosity compressibility and chemistry. Rock properties includ
porosity, permeablility, thickness and compressibility.

These fluid and rock properties are obtained by a variety of
geologic, geophysical and engineering methods or, where not measured, are
estimated. Calculations are then made with analytical equations or
numerical models to-analyze and predict patterns of subsurface water flow

and possible associated ground water contamination.

IV. ENVIRONMENTAL IMPLICATIONS OF ABANDONED WELLS

When a borehole is drilled through a series of subsurface geologic
formations that contain waters of differing chemical quality, it immediately
becomes a potential pathway for movement of those waters among formations.
This is one reason why wells are cased with steel casing and why cement is
forced into the open area (annulus) between the casing and the wall of the
borehole. It is the principal reason for the careful plugging of well bores
with cement and drilling mud before well abandonment.

A. Properly Plugged and Abondoned Wells

In recent years, the Federal Government and the states have adopte
increasingly stringent requirements for the methods and procedures for
plugging and abandonment of of1 and gas wells. It is assumed that, whet
wells have been plugged and abandoned under current procedures, the wel’
bores are sealed and do not allow movement of fluids among subsurface
formations and, thus, are not potential sources of ground water

contamination.
8. Improperly Plugged and Abandoned Wells

During the early history of the oil and gas industry, the potentia
danger to usable ground water from abandoned unplugged or improperly
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not recognized and many thousands of such
at a1l or were inadequately plugged to

In the earliest days of the oil and
irements existed and the numbers
ing that era are unknown.

plugged ofl and gas wells was
wells were either not plugged
prevent interformationa) water flow.
gas industry, scant or no recording requ
and locations of many wells abandoned dur

As regulation improved, well permits were required and numbers and
The details of plugging are, however, still

locations are on record.

often unknown and it must be assumed that effective plugs were often not

emplaced. Modern wells are required to have permits for drilling and for
d procedures are carefully supervised

abandonment and plugging methods an
so that abandoned plugged wells are not 2 hazard to ground water.

From this brief history, it can be concluded that the potential for
contamination to an USDW from abandoned wells is closely related to the
era during which they were constructed, the hazard being from wells
drilled prior to enactment of effective plugging and abandonment
regulations. An important aspect of this conclusion is that the depth to
which wells are drilled has steadily jncreased with time. Early wells
were very shallow, often only a few hundred feet but seldom more than
2,000-3,000 feet in depth. Few wells today are less than 3,000 feet in
depth. This means that most wells being drilled today will not be in
direct conmmunication with many older unplugged or improperly plugged

wells,
1. Exploration Wells vs. Development Wells

It is useful to distinguish among the types of wells drilled
by the oil and gas industry when considering their possible
contamination potential. Exploration wells are drilled outside
of producing fields or are drilled to targets deeper than known
production in producing fields. In either case, they are of
]esser environmental concern than development wells drilled
inside producing areas, since well density will be less and there
is, therefore, less possiblity of interaction among wells that
would lead to interformational fluid flow.

2. variables Affecting Contamination Potential of an Abandoned Well

The variables that determine the contamination potential

that an abandoned unplugged or improperly plugged well poses to
underground sources of drinking water are many and complex. Llet
it firs? be safd that some such abandoned wells do pose a threat
to USDW's while many are believed not to, for reasons that will

be examined.
a. Pressure Status of the Geologic Sequence Penetrated

In considering the potential environmental effects of
unplugged or improperly plugged abandoned wells it is
essential to characterized the pressure regimes that may
exist in the formations penetrated by such wells. The
possible detailed scenarios are too extensive for it to be
practical to attempt to discuss them all. It was mentioned
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aquifers in a geologic sequence

ally be under hydrostatic or normally pressured
:::d::::;s o: may be overpressured or underpressured relative
to hydrostatic conditions. Considerable debate exists over .
the reasons for these varying natural pressure conditions bu
there is no question of their existence. Superimposed upon
these natural reservoir or aguifer pressure conditions are
the effects of petroleum production, groundwater pumpage,
oilfield brine disposal by reinjection, secondary and
enhanced oil recovery projects and other man-induced effects.

earljer that reservoirs or

Whatever the original pressure status of a gelogic
sequence of aquifers and reservoirs, petroleum production
will lower the original pressure of the producing reservoir
so that it will often be underpressured relative to the rest
of the sequence. When petroleum production ceases, the
reservoir will begin to return to its original natural
pressure status. The rate of this pressure recovery depends
upon the geologic and engineering reservoir characteris;1cs
but should require a time period comparable to that during
when the reservoir was produced. The cycle of pressure
depletion and recovery of an oil field will be affected by
of 1field brine reinjection for pressure maintenance by
waterflooding for secondary of1 recovery and by
enhanced-oi 1-recovery projects. ground water pumpage will
affect the pressures in drinking water aquifers similarly to
production of petroleum reservoirs as described above.

The variety of possible flow patterns that can occur
among aquifers and reservoirs with differing pressure
conditions is, thus, very extensive and the local
circumstances will have be examined in order to reach 2
conclusion concerning the threat of an abandoned well to an
USDN. For example, there is no hazard of flow from a
pressure-depleted petroleum reservoir to a normally pressured
water-supply aquifer. In fact, flow would be into the
pressure~depleted reservoir rather than from it. Even when
reservoir pressure has recovered, no threat would exist in a
normally pressured sequence. A hazard only exists when a
saline-water bearing aquifer or reservoir is at a higher flo
potential than an overlying fresh water aquifer connected
with it by an unplugged or improperly plugged abandonded
well. Even in that circumstance, movement of saline water
fnto an USDN may not occur for reasons that will be describe

below.
Abandoned Well Flow Mechanics

Given the presence of an abandoned well. that is
improperly plugged or unplugged, is open to a geologic

sequence of aquifers and which penetrates a petroleum
producing reservoir or reservoirs, the analysis of the
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w of ﬁatbral saline water or injected fluids

ia) for flo
potent 2 sources of drinking water is a complex but

into underground
tractable problem.

i.

ii.

ifi.

iv.

Among the variables of the problem are:

of all aquifers and reservoirs in

Flow potential sfitus s 1
andoned well. This 1s

the sequence penetrated by the ab
discussed under a. above.

Status or condition of the borehole of the abandoned well
- Even though a well may have not been plugged or may
have been inadequately plugged at abandonment, most
boreholes will contain impediments to interaquifer fluid
flow. These include drilling muds, partially effective
cement or mud plugs, collapsed or sloughed formations,
formations that have expanded into the borehole and,
possibly, drilling equipment or well completion equipment
lost in the hole. Only under unusual circumstances will
abandoned wells not contain such flow impediments. A
possible case of that type would be a cable-tool well
drilled in a sequence of competent strata in which
drilling mud was not used and in which no form of plug
was ever employed. Such wells probably exist in early
field areas in several geologic provinces but will,
typically, be shallow and not in communication with
present producing formations. Probably all rotary
drilled wells will contain, at least, drilling mud as 2

flow impediment.

Details of the operation of .petroleum or water producing
activities in formations intersected by the borehole -
The effects of any injection and/or production wells that
are completed in formations intersected by the boreholes
of an abandoned well must be superimposed upon the flow
gradients that exist under non-operational conditions.
For example, if an abandoned well is bottomed in a _
petroleum reservoir that is undergoing waterflooding, the
pressure effects of waterflood injection and production
wells at the point where the abandoned well penetrates
the reservoir must be determined so that the total

~differential pressure available to move fluids up the

abandoned well is known. Effects of pumping from or
injection into other aquifers must also be accounted for.
For example, pumping from a fresh-water bearing aquifer
would create a pressure decrease that would encourage
fluid movement into that aguifer.

Subsurfgce geologic conditions - Essential to determining
the environmental hazard potential of an abandoned wel)
is the subsurface geologic framework in the vicinity of
the well. For example, if the abandoned well is drilled
through formations that exhibit extreme lateral
variability, the well may not be an effective pathway for
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{1 producing formation into a
y miss efther t

s in the

fluid movement from an O
fresh water aquifer because the well m
petroleum producing or water yielding unit

respective formations.

v. Engineering characteristics of all units in the geolog
‘sequence and their contained fluids - The rate of flow
and flow path that will be taken by formation waters O
injected fluids in response to flow gradients that ext
among formations in communication through an abandoned
well will depend on the engineering properties of the
formations and their contained fluids. Formation
properties include porosity, permeability thickness an
compressibility. Fluid properties include density,
viscosity and compressibility. Both formation and flu
properties and the differential flow gradient are ente
into the appropriate analytical eguations or numerical
models in order to calculate flow paths and flow
quantities. Such calculations are an accepted means ¢
mode1ing subsurface flow problems and provide relative
practical means of evaluating hazard of an abandoned

well.

V. CASE EXAMPLE

The case example that will be described is based on a recent unpublisl
study of the possible environmental effects of an abandoned well located m«
a proposed water injection well. The wells are located in an oilfield
undergoing an enhanced oil recovery project in Mississippi. Figure 3 show:
portion of the oflfield with the two wells studied. Well 9-6 is the propo!
water injection well. Well 9-6A is the abandoned well. The producing sam
for the oi1field pinches out by facies change to the north, east and south
the two wells, as shown in Figure 3. Figure 4 shows a generalized
stratigraphic column for the field. The Lower Tuscaloosa Sand is the
producing sand for the field. It occurs at a depth of 10,490 feet in well
and is 26 feet thick. The base of the deepest underground source of drink
water occurs at a depth of 3100 feet, in sands of the Sparta Formation, wh

is about 700 feet thick.

The predicted hydraulic effects in abandoned well 9-6A resulting froa
proposed injection into Well 9-6 were studied with a numerical model, SWIF
111 (Wward, 1987). SWIFT III is a revised and improved version of a code
originally developed for the U.S. Geological Survey specifically for inje«
well modeling. The original code and its successors have received extens
verification, validation and use. Figure 5 depicts the finite difference
used in the simulations. Figure 6 is another representation of the grid
showing the line of cross-section A-A‘', which {s used to display the resu

of selected simulations.
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The energy company that operates the 0i1field under study provided the
geologic and zzgin:f:tng parameters and operating schedule for Well 9-6,
needed as input to the numerical model. It was assumed that the injection well
would operate at near its saximum injection capacity, the constraint being the
local fracture gradient of about 0.7 psi per foot of depth. The permeability
of the Lower Tuscaloosa Sand was assumed to be a maximum probable 30
willidarcys and a minisum probable 2 mfllidarcys. The large range is the
result of uncertainty concerning the effect of residual oil on the

pout 20 simulation runs were made to

permeability to water. A total of a
0 final simulations were run to test various borehole

calibrate the model and 1
and reservoir conditions. The results of representative simulations are

discussed below.

Figure 7 displays the results of a slnulation in which the borehole of
Well 9-6A was considered to be unplugged.* The Lower Tuscaloosa Sand was
considered to have a permeability of 30 millidarcys and the injection rate in
Well 9-6 considered to be 200 bbl/day. Reservoir pressure at the wellbore of
Well 9-6 increased 908 psi over the 10-year simulation period and increased
about 752 psi in the Lower Tuscaloosa Sand at the borehole of abandoned Well
9-6A. This pressure increase was transmitted through the Middle Tuscaloosa

that up to a 7.2 psi

and through the borehole of Well $-6A to the extent
pressure increase occurred in the Upper Tuscaloosa. Transmission of pressure
buildup of up to 4.8 psi in Model Layer 4 but

through Nell 9-6A also caused a
bserved in the Wilcox Formation or units above

no pressure increase could be o
the Wilcox. This result indicates that upward flow through abandoned Nell
9-6A was insufficient to cause an observable pressure increase in the Wilcox

and that no transmission of water to units above the Wilcox would be expected
to occur. A1l subsequent simulations in which the permeability of the Lower
Tuscaloosa Sand and the injection rate of Well 9-6 were proportionately

varied, yielded the same result.

Cases were also studied where a plug composed of precipitated drilling
mud solids was hypothesized to have developed. Figure 8 displays the results
of one such simulation in which a plug of only 10-feet in length was
;onsidered to have developed in the interval of the Middle Tuscsioosa
A:fg::::n;n ;?;ulg-;oo: pl:g was assigned a permeability of 10™° millidarcys.
e the Wi Tuséal:o:afervab]e pressure increase developed in layers

1. As has been discussed. i
. » it 1s believed that all rotary dril
:11;222171:::: :;d;:ulicbresistance to flow. 1In thig stud;ed boreholes
om about 40 to 4000 darc d
b ys were assigned
orehole of Well 9-6A with no observable difference in tg:ere:SIEQ?
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