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1.0 INTRODUCTION

This report presents the methodology and the results of diffusion tests carried out on four (4) core
samples (ranging in diameter from 4.9 cm to 5.2 ¢m) to evaluate the matrix diffusion coefficient
(D) for chloride and the corresponding tortuosity factor (t). The core samples were provided by
Mactec Engineering, Inc. in January 2005. A description of the core samples is given in Table 1.

Also presented in this report are the results of analyses for water content, specific gravity, total
organic carbon content and natural chloride concentration in the porewater phase, performed on
the core samples as part of the scope of work.

The above testing was conducted between January 2005 and April 2005, at Golder Associates’
laboratory in Mississauga, Ontario. All analyses for chloride concentrations were carried out at
Maxxam Analytics Inc. laboratory in Mississauga, Ontario.

2.0 DEFINITION OF MATRIX DIFFUSION COEFFICIENT AND
TORTUOSITY FACTOR

The diffusion coefficient (D) is a solute transport parameter, which relates the diffusive mass flux
of a solute to its concentration gradient via Fick’s first law, 1.e.:

dc.
f=-nD= 1]
oz
where: = solute diffusive mass flux (mass of solute transported per unit area per
unit time) [M/L*/T],
n' = porosity available for diffusion (i.e. effective porosity),
= solute diffusion coefficient in the porous media [L%/T],
¢ = solute concentration in the porewater [M/L?], and
z = distance in the direction of diffusion [L]

The magnitude of the diffusion coefficient is influenced by temperature, characteristics of the
solute itself and its co-diffusing species (e.g. size and concentration) and the fabric of the porous
media (e.g. pore size and pore structure).

Golder Associates
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For a given temperature, the diffusion coefficient can be expressed as the product,
D= 12

where: D, = species diffusion coefficient in a purely aqueous solution at the given
temperature [Lzﬂ"], and i

tortuosity factor for the porous media

=
Il

The porous media tortuosity factor (7) is an empirical factor (0 < z< 1.0) which accounts for the
fact that the rate of diffusion in a porous media is slower than that in aqueous solution due to
diffusion pathways around solid particles being much longer and more “tortuous” than the direct
pathways in aqueous solution. The tortuosity factor is considered to be independent of
temperature and is assumed to be strictly a physical property of the porous media, dependant on
the matrix fabric (i.e. pore structure and pore size) rather than on the nature of the solute species

(e.g. Rowe, 1987).

The species aqueous diffusion coefficient (D,) for a given temperature is dependant on properties
of the porewater phase (e.g. viscosity) and properties of both the solute itself and its co-diffusing
species (e.g. size and concentration). Aqueous diffusion coefficient values can be obtained from
the literature (e.g. Li and Gregory, 1974, and Reid et. al., 1987).

3.0 THEORETICAL DESCRIPTION OF THE DIFFUSION TEST

A schematic drawing of the diffusion cell used for this study is presented in Figure 1. A source
solution consisting of distilled water spiked with sodium chloride was placed on one side of the
core sample and a collector solution consisting of distilled water was placed on the opposite side.

The core sample was coated with a thin circumferential layer of vacuum (silicone) grease and was
placed within a latex membrane between the source solution and the collector solution. Pressure
50 kPa.was applied around the sample to ensure a tight seal between the membrane and the

sample.

The source solution constituents (i.e. sodium and chloride) were allowed to diffuse through the
core sample and into the collector solution compartment over a period of 27 days. During this
period, the source and collector solution compartments were periodically sampled in order to
monitor the chloride concentration variation with time.

Golder Associates
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Assuming that the chloride concentration decreases with time in the source solution is due only to
diffusion through the core sample (i.e. no short circuiting of chloride along the contact between
the core and the latex membrane) the boundary condition representing the chloride concentration
in the source solution can be written as (e.g. see Rowe and Booker, 1985):

| .
c()=c, 3 _Lf_‘(r)a’r 3]
where: c.(t) = chloride concentration in the source solution at time 7 [MIL:‘],
Coe = initial chloride concentration in the source solution [M/L’],
H, = equivalent height of source solution, calculated as the source solution

volume divided by the cross-sectional area of the core sample
perpendicular to the direction of diffusion [L], and

fi() = mass flux across the core sample/source solution interface [M/L*T]
The mass flux across the sample/source solution interface fi(z), can be further related to the
chloride concentration gradient across this interface (&¢/éz), by Fick’s first law, viz.:

o &
Js{)=~n D[&} [4]

1
where 2’ is the effective porosity of the core matrix.

The boundary condition representing the species concentration in the collector solution (c.(7)) is

given by:
1 ! q !
c.(DN=— Ndt—=— | c.(1)dt 5
(=g [ S 0= [ e [5)
where: c.(1) = chloride concentration in the collector solution at time 7 [M/LS],
V. = volume of the collector solution [L’], '
f.() = mass flux into the collector [M/L*/T], and
g. = average rate of sampling of the collector solution [sample

volume/average sampling frequency] [L*/T]

He = Equivalent height of collector solution, calculated as the collector
solution volume divided by the cross-sectional area of the core
specimen, perpendicular to the direction of diffusion [L]

The mass flux into the collector fi(z) can be further expressed in terms of the concentration
gradient across the sample/collector solution interface (6&¢/&z)., viz.:

£.0) =—n'D[%J 6]

Golder Associates



DRAFT
July 2005 s 05-1113-030

For these flux controlled boundary conditions, a semi-analytical solution to the one-dimensional
diffusion equation,
oc oc

—=D—
ot oz

[7]

has been implemented in the computer program POLLUTE (Rowe et. al., 1994). Using different
values for the chloride diffusion coefficient, theoretical curves for the chloride concentration
variation with time in the collector solution were generated using POLLUTE and then compared
to the experimental concentration data. The diffusion coefficient that gave the best fit “by eye” to
the experimental data was chosen as the experimental value. For all samples, the effective
porosity, n', was taken as the total porosity.

The diffusion test modelling using POLLUTE accounted for the initial porewater concentration
for chloride in the test sample at the start of the diffusion test. The initial porewater concentration
was estimated based on actual groundwater concentrations from monitoring wells located near to
and screened at a similar depth to the location from which the diffusion test sample was taken.
Table 2 summarizes the initial porewater concentrations used for each diffusion test sample.

4.0 DIFFUSION TEST PROCEDURES

The following outlines the general procedures used in the set-up and monitoring of the diffusion
tests for the measurement of matrix diffusion coefficient for chloride. Note that the diffusion tests
were conducted at room temperature (~23°C).

(1) The core samples were extruded from the Shelby Tubes and then cut/trimmed to the
dimensions given in Table A. 1 (Appendix A).

(2) A thin layer of silicone vacuum grease was spread around the outer perimeter of each
sample. A circular piece of non-woven geotextile, followed by a perforated plastic disc,
were placed at each end of the sample. The sample and the end piece were then surrounded
by a latex membrane, which adhered to the vacuum grease surrounding the sample.

(3) The sample, capped at both ends by the geotextile and the perforated disc, was then placed
between the two acrylic collars within the test apparatus. The latex membrane was secured
to these collars by an “O” ring at each end. The positioning of the sample within the
apparatus is shown in Figure 1.

(4) Following the securing of the sample, the chamber surrounding the sample was filled with
water. A confining pressure of 50 kPa was applied to the outside of the sample to create a
tight seal between the sample and the membrane. '
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(5) With the apparatus in a near horizontal position. distilled water was injected into the
collector compartment through the injection port located on the collector reservoir. The
second injection port was left open to allow air to escape the reservoir while it was being
filled. The total volume of distilled water injected into the collector compartment ranged
from 118 mL to 123 mL (refer to Table A.1).

(6) With the apparatus still in a horizontal position, the source solution consisting of distilled
water spiked with 1.65 g/L sodium chloride was injected into the source reservoir. The
second injection port was left open to allow air to escape the reservoir while it was being
filled. The total volume of sodium chloride source solution injected into the source
compartment ranged from 258 mL to 356 mL (refer to Table A.1).

(7) Immediately after inserting the source solution, the injection ports were sealed using fitted
rubber stoppers. The cell was then gently rotated in an attempt to remove any air from the
interface between the source and/or collector solution and the sample. The apparatus was
then placed in a horizontal position and the start time for diffusion (i.e. # = 0) was recorded.

(8) A 3 mL sample was taken from the collector reservoir periodically (approximately once per
6 days) through the sampling port. Once each sample was taken, an equal volume of fresh
collector solution (i.e. distilled water) was re-injected into the collector compartment.

(9) All source and collector solution samples were analyzed for chloride by ion
chromatography at Maxxam Analytics Inc. (Mississauga, Ontario).

Using the above procedure, a chloride diffusion test was carried out for each of the four core
specimens. Specific details of the diffusion tests, such as the volumes of the source and collector
solutions, initial chloride concentrations in the source and collector solutions, and core specimen

dimensions are presented in Table A.1.

In addition to the chloride diffusion tests, a pore water squeeze test was carried out on each of the
samples to assess the amount of chloride initially present within the porewater of the samples. To
obtain a sample of the porewater, a paste was made by crushing a measured quantity of the
sample and mixing it with a measured quantity of distilled water of known chloride content. This
mixture was then compressed and a sample of the porewater collected and sent to the chemical
laboratory for chloride analysis. The laboratory results were then used in conjunction with the
water contents of the paste and undisturbed core sample to back-calculate the initial chloride
concentration in the porewater phase of the core specimen. This initial chloride porewater
concentration was incorporated into the POLLUTE modelling for each of the samples.

P
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5.0 RESULTS

The chloride diffusion test concentration data is presented on Figures 2 to 5 for the four core
specimens. For each specimen, the data is presented in the form of collector solution
concentration variation with time. The actual concentration data is provided in Appendix A,
Tables A.2 to A.5.

The theoretical fitting of the diffusion test concentration data is presented on Figures 2 to 5. The
best-fit (by eye) chloride diffusion coefficient values and corresponding core matrix tortuosity
factors (calculated using Equation 2) are summarized in Table 3. The tests indicate chloride
diffusion coefficient (D) values ranging from 1 x 107 cm?/s to 8 x 10°° cm?/s at 23°C.

As noted in Section 3.0, the theoretical fitting of the diffusion test data assumed that the effective
porosity of the core matrix (i.e. ' in Equations 4 and 6) is equivalent to the total porosity (7).
Values obtained for total porosity of the core specimens are presented in Table 3 and range from
29.5 % to 50.5 %. For fine to coarse-grained rock the assumption of effective porosity equal to
total porosity is considered reasonable since pores are generally larger and more interconnected.
On the other hand, for very fine-grained rock the effective porosity (#') for diffusion of chloride
may be lower than the total porosity (17) since a portion of the porewater may not be accessible to
diffusing chloride ions. This relates to pores not being large enough to accommodate hydrated

chloride ions and/or pores not being interconnected.

The total organic carbon content values obtained for the rock core specimens by the
Walkley-Black wet oxidation method (Walkley, 1947), ranged from 0.09% to 2.34% of the dry
mass of the specimen (Table 3).
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DESCRIPTION OF THE CORE SAMPLES USED FOR THE DIFFUSION TESTS

04-50 RIMW - 2 2:7

alluvium

04-51 RIMW -8 17.6 weathered clay stone
04-52 RIPZ - 10B 17.6 unweathered clay stone
04-53 RIPZ - 18 e _ 68 alluvium

Golder Associates
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TABLE 2

ESTIMATED INITIAL CHLORIDE POREWATER CONCENTRATION FOR DIFFUSION TESTING

05-1113-030

- 04-50 RIMW - 2
04-51 RIMW - 8 17.6 SW-44 1,460
04-52 RIPZ - 10B 17.6 RGPZ-2C 760
04-53 RIPZ - 18 6.8 6B 2,700

1. Existing groundwater monitoring well located near to and screened at a similar de

- personal communication)

2. Chloride concentration data provided by Bill Feller - Mactec Engineering

Golder Associates
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TABLE 3

SUMMA:.. oF TEST RESULTS

Matrix Tortuosity

b

04-50 RMW-2 | 27 35.6% 163 1.66 2.54 34.50 0.38 3.0E-06 0.18

04-51 ' RIMW-8 16 39.5% 2.7 124 2.51 50.50 0.09 1.0E-07 0.0l
04-52 RIPZ - 10B 17.6 39.2% 14.03 143 2.62 4530 234 5.0E-07 003
04-53 ) RIPZ - 18 6.8 53.0% 17.65 _ 1.80 2.56 29.50 0.18 8.0E-06 0.48

1. ASTM Method 854-92 .
2. Total Porasity (n) of rack matrix for each sample was caleulated using the equation:

! n=1 P

o
Where: P

py= dry density [Mg/n']

p.= density of water at 23°C=0.998 Mg/ni
G, = specific gravity of the rock matrix
3, Walkley and Black Wet Oxidation Method (Walkley, 1947), " % g

measurable range of hydraulic canductivity for the equipment used.
4. Chloride matrix diffusion coeficient (D) obtained at 23°C using the test method described in this report (see Figures 2 to 5).

S, Matrix tortuosity factor (t) calculuted as Dy/Dyei” where Doy is the aqueous diffusion coefficient for chloride when diffusing together with sodium I'rn

containing 0.03 Molar NaCl a1 23°C. The value used for %‘ is 16.8x 10 CI‘I:\:.IfS (Amcricnn [ustitute aff ph)"SiCS Handbook, |9?1}
‘\\Q
A

MLACTYE 200501 112005+ 111 3-030 -Mactec-Martiz Dillusion Tesing-Casmata, CailornalDAAFT REFORT
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DIFFUSION TEST RESULTS
SAMPLE 04-50 (RIMW-2, 2.7m)

FIGURE 2
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DIFFUSION TEST RESULTS
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DIFFUSION TEST RESULTS

. FIGURE 4
SAMPLE 04-52 (RIPZ-10B, 17.6 m)
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DIFFUSION TEST RESULTS
SAMPLE 04-53 (RIPZ-18, 6.8 m)

FIGURE 5
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APPENDIX A
DIFFUSION TEST DATA
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TABLE A.1

SPECIFIC DETAILS OF THE CHLORIDE DIFFUSION TESTS

. RIPZ-18 (04

he Source Solution Compartment (mg/L) 1000 1000 1000 1000
Source Solution Volume (mL) 352 356 353 350
Equivalent Height of Source Solution, H, (cm) 18.5 17.6 1@.4 17.8
Initial Concentration of Chloride in the Collector Solution Compartment (mg/L) 34 24 34 34
Collector Solution Volume (mL) 123 123 118 123
Equivalent Height of Collector Solution, H, (cm) 6.5 6.1 55 6.3
Cross-Sectional Area of Sample (cmz) (pcrpendicu]:ir to direction of diffusion) - 19.0 20.3 21.4 19.7
Sample Thickness (cm) 3.9 33 4.0 4.1
Sample Diameter (cm) 49 5.1 52 5.0
[nitial Porewater Chloride Concentration at Start of Test* (mg/L) 2.700 1,460 760 2.700
Soil Matrix Total Porosity (%) 34.5 50.5 453 29.5
Average Rate of Sampling of the Collector Solution, g** (em’/day) 0.43 0.43 0.43 0.43

* Refer 10 Table 2
** Average rate of sampling of the collector solution (g, refer 1o Eqn. 5) was calculated as the volume of each sample (~3mL) divided by the
average frequency of sampling (~7 days).

NAACHVE\Z005\1113105-1113-030 -Mactec-Martix Diffusion Testing-Casmalia, Califaqia|DRAET REPORTL .
This and App A This ReportFormalTable_05July27.xls @oﬁer ﬁssocmtes
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TABLE A.2

DIFFUSION TEST DATA
Sample No. RIMW-2, 2.7m
Golder Lab ID. 04-50

05-1113-030

February 23, 2005 0 100 3 o
March 1, 2005 6 1070 286
March 7, 2005 12 406
March 14, 2005 19 1120 460
March 22, 2005 27 443

Golder Associates

N \Activel200511 1131051 113-030 -Maclac-Mariix Diffusion Tesling-Casmalia, Californiz\DRAFT REPORT,

Tbls and App A Tbls ReportFormat Table_05July27 xls
Table A 2



.113-030

RAFT

1006
TABLE A.3

DIFFUSION TEST DATA
Sample No. RIMW-8, 17.6 m
Golder Lab ID. 04-51

February 23, 2005 0 1000 3 i
March 1, 2005 6 938 38 )
March 7, 2005 12 48.6
March 14, 2005 19 960 61.3
March 22, 2005 27 70.7

N:\Active'200541 113105-1113-030 -Maclec-Martix Diffusion Tesling-Casmalia, California\ORAFT REFORT\
Thls and App A Tbls ReportFarmatTable_0D5July27 xls
Table A3
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July 2005 DRAFT 05-1113-030
TABLE A.4

DIFFUSION TEST DATA
Sample No. RIPZ-10B,17.6 m
Golder Lab ID. 04-52

February 24, 2005 0 1000 3
March 1, 2005 5 956 29.9
March 7, 2005 11 46.8
March 14, 2005 18 969 60.3
March 22, 2005 26 69.2

N AACtive\2005)1113105-1113-030 -Mactec-Martix Difusion Tesling-Casmalia, Calfernig\DRAFT REPORTY

Ttls and App A Tbls ReportFormat Table_05July27 xis
Golder Associates = TableA 4



J: 005 YAFT : ( 113-030
-ThrBLE A5

DIFFUSION TEST DATA
Sample No. RIPZ-18,6.8 m
Golder Lab ID. 04-53

CTeR T T ride Concentratio in th
February 24, 2005 0 100 3
March 1, 2005 5 003 192
March 7, 2005 11 283
March 14, 2005 18 1060 319
March 22, 2005 26 B 356

H\AClive\2005V1113105-1113-030 -Maclec-Martix Difusian Testing-Casmatia, California\DRAFT REPORT
" Thbls and App A This ReporiFormalTable_05July27 x|
Golder Associates i i



APPENDIX B
ADDITIONAL TEST RECORDS

July 2005 : 05-1113-030
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SUMMARY OF WATER CONTENT DETERMINATIONS

PROJECT NUMBER 05-1113-030

PROJECT NAME Mactec / Matrix Diffusion Testing / Casmalia, California
DATE TESTED February, 2005
Sample Water
Sample Depth Content Atterberg Limits
No. (m) (%) LL, PL, PI
RIMW-2 2.7 35.6% -
RIMW-8 17.6 39.5% -
RIPZ-10B 17.6 39.2% -

RIPZ-18 6.8 53.0% -

Golder Associates



SPECIFIC GRAVITY TEST RESULTS
ASTM D 854-00 TEST METHOD A

PROJECT NUMBER 05-1113-030
PROJECT NAME Mactec / Matrix Diffusion Testing / Casmalia, California
DATE March, 2005
Borehole Sample Specific
No. No. | Gravity
; RIMW-2 2.54
- RIMW-8 251
- RIPZ-18 2.56
- RIPZ-10B 2.62

Note: Test carried out on soil particles <4.75mm using distilled water.

Golder Associates



TOTAL ORGANIC CARBON CONTENT (TOC)

PROJECT NUMBER
PROJECT NAME

05-1113-030
Mactec f Matrix Diffusion Testing / Casmalia, California

DATE TESTED " February, 2005
Soil TOC TOG"
Grain Size Distribution

Passing (<B60Dmm {whole

Borehole Sample Depth 600mm Gravel Sand Sit  Clay soil) soil)

No. No. (m) (%) (%) (%) (%) (%) (%) (%)

RiMW-2 2.7 100.0 - - - - 0.38 0.38

- RIMW-8 17.6 100.0 - - - - 0.09 0.09

- RIPZ-10B 17.6 100.0 - - " - 2.34 234

- RIPZ-18 6.8 100.0 - = - - 0.18 0.18

Notes:

1. Samples dried at 110 degree centigrade prior to testing.
2. Test performed on minus 600 micron soil fraction, using the method of Walkley and Black (Walkley, 1348)

3. Grain size distribution of sand, silt and clay based on Unified Soil Classification.

- Corrected TOC for whole (ie. unfractionated) soil assuming negligible organic carbon content associated

with the plus 600 micron soil.
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