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Figure 1. Radioactive decay chains for (A) U-238 and (B) Th-232. Times shown are half-lives: y, years; d, days; 
h, hours; m, minutes; s, seconds. Ra-226 and Ra-228 (shaded) are the primary isotopes of interest in this study. 
Half-lives were obtained from the National Nuclear Data Center (http://www.nndc.bnl.gov/chart/ ).

U-238 U-234
2.5 x 105 y

Th-230
7.5 x104 y

Po-214
1.6x10-4s

Ra-226
1600 y

Rn-222
3.8 d

Po-218
3.1 m

Bi-214
19.9 m

Pb-214
26.8 m

Pb-210
22.2 y

Pb-206
(stable)

Po-210
138.4 d

Bi-210
5.0 d

Th-234
24.1 d

Pa-234
6.7 h

Th-232
1.4 x 1010 y

Po-212
3.0 x10-7 s

Th-228
1.9 y

Ra-224
3.6 d

Ac-228
6.15 h

Rn-220
55.6 s

Po-216

Bi-212
60.6 m

TI-208
3.05 m

Pb-212
10.6 h

Pb-208
(stable)

Ra-228
5.75 y

Uranium

Protactinium

Thorium

Radium

Radon

Polonium

Bismuth

Lead

Thorium

Actinium

Radium

Radon

Polonium

Bismuth

Lead

Thallium

A.  Uranium-238

EXPLANATION

Alpha decay
Beta decay

EXPLANATION

Alpha decay
Beta decay

B.  Thorium-232

Figure 1

0.145 s

4.5 x 109 y



4  Radium Content of Oil- and Gas-Field Produced Waters in the Northern Appalachian Basin: Summary and Discussion

Fi
gu

re
 2

. 
Lo

ca
tio

ns
 o

f w
el

ls
 w

ith
 d

at
a 

co
m

pi
le

d 
fo

r t
hi

s 
st

ud
y.

!
"#

!
$%
&

'
&
(
%)

*
%+
,
-

.
+
$#

!
$%
&

/
0
&
%1
-

2
+
33
&
$

4
3&
5
6
&
0

7
&
0
3$
&

8
&
$#
%9
&
$

:
&
$#
)

/
3)
&
,
+

;
&
<<
&
$)
+
0

=
&
"-
(
-
$&

:
$-
1
<+
$1

2
%#
&

'
>
?
+
9
%0
,

7
"%
0
3+
0

:
5
3"
&
$

/
)
(
&
,
+

:
&
1
<+
$1

7
"&
-
$<
%&
"1

@
""
&
,
-
0
>

A
-
$$
&
0

B
?
C
&
-
0

'
5
D
&
$0
&

7
$-
(
<+
$1

E0
1
%-
0
-

4
+
9
&
$)
&
3

:
"-
%$

7
-
33
-
$-
5
,
5
)

A
-
>
0
&

F
-
>
&
33
&

2
&
$$
>

7
-
>
5
,
- *
%+
,
-

:
5
?
#
)

'
-
0
?
-
)
3&
$

F
$-
0
#
"%
0

7
G
&
)
3&
$

/
0
3-
$%
+

:
$+
+
9
&

7
G
-
5
3-
5
H
5
-

B
&
$?
&
$

7
G
&
0
-
0
,
+

A
-
>
0
&

B
+
0
$+
&

7
"-
$%
+
0

7
-
9
6
$%
-

4
?
G
5
>
"#
%"
"

/
0
+
0
1
-
,
-

I
&
0
-
0
,
+

B
-
1
%)
+
0

B
+
0
$+
&

J
$&
&
0
&

8
5
0
3%
0
,
1
+
0

@
1
-
9
)

@
""
&
,
G
&
0
>

.
-
3&
)

F
5
"3
+
0

A
-
)
G
%0
,
3+
0

7
&
?
%"

A
&
)
39
+
$&
"-
0
1

F
+
$&
)
3

;
&
<<
&
$)
+
0K
%-
,
-
$-

A
>
+
9
%0
,

@
$9
)
3$
+
0
,

4
5
)
H
5
&
G
-
0
0
-

:
&
-
L
&
$

7
+
$3
"-
0
1

4
5
""
%L
-
0

J
&
0
&
)
&
&

8
-
$<
+
$1

4
-
"&
9

M
0
%+
0

7
-
$6
+
0

*
+
9
N
#
%0
)

/
$"
&
-
0
)

4
0
>
1
&
$

7
5
9
6
&
$"
-
0
1

7
G
&
9
5
0
,

A
>
+
9
%0
,

'
&
6
-
0
+
0

4
?
G
5
>
"&
$

=
-
5
N
G
%0

'
%L
%0
,
)
3+
0

B
%<
<"
%0

8-9%"
3+0

7
+
"5
9
6
%-

4
&
0
&
?
-

;
5
0
%-
3-

'
&
G
%,
G

7
-
9
&
$+
0

K
&
(
O7
-
)
3"
&B
+
0
3,
+
9
&
$>

'
-
?
#
-
(
-
0
0
-

'
-
(
$&
0
?
&

J
"+
5
?
&
)
3&
$

K
+
$3
G
5
9
6
&
$"
-
0
1

K
+
$3
G
-
9
N
3+
0

=
&
"-
(
-
$&

B
+0
3+
5$

2
G
%"
-
1
&
"N
G
%-

8
-
$<
+
$1

4
5
""
%L
-
0

!
"
#
$
%
"
&
'

(
)
&
&
*
$
%
+
"
&
,
"

(
)
&
&
*
$
%
+
"
&
,
"

(
)
&
&
*
$
%
+
"
&
,
"

()&&*$%+"&,"

(
)
&
&
*
$
%
+
"
&
,"

&
)
-
.$
/
#
0

/1,/

-
)
*
2
.+
,
#
3
,
&
,
"

&
)
-
.4
)
#
*
)
$

PA
 D

EP
 (1

99
2)

N
YS

DE
C 

(G
ild

ay
 a

nd
 o

th
er

s,
 1

99
9)

N
YS

DE
C 

(2
00

9)
PA

 D
EP

 (u
np

ub
. d

at
a,

 2
00

9–
20

10
)

Ba
se

 fr
om

 U
.S

. G
eo

lo
gi

ca
l S

ur
ve

y d
ig

ita
l d

at
a

EX
PL

AN
AT

IO
N

Dr
es

el
 a

nd
 R

os
e 

(2
01

0)

Th
is

 s
tu

dy

80
°

78
°

76
°

40
°

42
°

44
°

0
50

75
10

0
25

M
ILE

S

0
80

12
0

40
KI

LO
M

ET
ER

S

2
&
0
0
)
>
"L
-
0
%-

K
&
(

.
+
$#

K
&
(
O;
&
$)
&
>

M
ap

 A
re

a

A
&
)
3

I
%$
,
%0
%-

!
"
#
$
%&
'
(
"
)
*&

!
"
#
$
%$
)
*$



Data Sources and Analytical Methods  5

(-3.0($3$)")01'"1'"'1-5$#21-5%)$-6>'3.0,0.06)$"55+'06.$(4$67')40'

1-5$#'34"10'"6#'#0350)$67')40'1-5%)$-6'-,'."#$%&'AQ"67&%$.'

"6#'!$010>'FGP[E?'

Data Sources and Analytical Methods
B40'1-%.(01'-,'#")"'$6')4$1'.03-.)'A)"<501'F'"6#'TE'".0'

#$1(%110#'<05-/')-70)40.'/$)4')40'"*"$5"<50'$6,-.&")$-6'

-6']%"5$)+'"11%."6(0I]%"5$)+'(-6).-5'AaOIaJE>'"6"5+)$("5'

&0)4-#1>'"6#'%6(0.)"$6)+?'B40'_?D?'N6*$.-6&06)"5';.-)0()$-6'

O706(+'A_DN;OE'&0)4-#'(-#01'.0,0.')-'1)"6#".#'"6"5+)$("5'

<1*&(591(!)5(%$(5)30)2-()WXMJK)DY1"(#(1)'$5)Z-"22'@(1=)

FGPHL'N")-6'"6#'-)40.1>'THH[E?

New York State Department of Environmental 
Conservation Report (Gilday and others, 1999)

B40'80/'9-.:'D)")0'C03".)&06)'-,'N6*$.-6&06)"5'

[*$!(1.'2"*$)DIVXLM[H)&*$59&2(5)')!2950)2"2/(5):K$)

X6*01)$7")$-6'-,'8")%."55+'b((%..$67'!"#$-"()$*0'K")0.$"51'

DITENH)"$)T"/)'$5)\'!)Z(//!)"$)I(,)V*1@)X2'2(=;)"$),-"&-)

3.-#%(0#'/")0.>'-$5>'15%#70>'"6#'-)40.'/"1)0'&")0.$"51'/0.0'

1"&350#',.-&'-$5'"6#'7"1'/0551'$6'80/'9-.:'D)")0'A`$5#"+'

"6#'-)40.1>'FGGGE?'O6"5+101'/0.0'.03-.)0#',-.'"')-)"5'-,'

[S'<.$60'1"&3501'(-550()0#',.-&'UP'-$5'-.'7"1'/055'1$)01>'/$)4'

G'#%35$(")0'-.'.035$(")0'1"&3501'A)"<50'FE?'B40'89DCNJ'.03-.)'

$6#$(")01')4")')40'<.$601'/0.0'1"&350#',.-&'1)-."70')"6:1>'<%)'

)40'5067)4'-,')$&0'<0)/006'3.-#%()$-6'"6#'1"&350'(-550()$-6'$1'

%6:6-/6?'B40'/0551'$6')4$1'1)%#+'3.-#%(0#'4+#.-(".<-61'"6#'

/")0.',.-&',-.&")$-61'-,'J"&<.$"6')4.-%74'Q-/0.'C0*-6$"6'

"70>'/$)4'-60'1"&350'-,'3-11$<50'&$=0#'Q-/0.'D$5%.$"6'"6#'

_330.'C0*-6$"6'.010.*-$.'-.$7$6'A)"<50'FE?'D0*0."5'-,')40'/0551'

3.-#%(0#',.-&')40'Q-/0.'C0*-6$"6'b.$1:"6+'D"6#1)-60'"6#'

Z05#0.<0.7'Q$&01)-60?'D$5%.$"6'.010.*-$.1'3.-*$#0#'1"&3501'

,.-&')40'O:.-6'D"6#1)-60>'Y"11'X15"6#1'C-5-&$)0>'K0#$6"'

D"6#1)-60>'"6#'!-(401)0.'D4"50?'b.#-*$($"6'.010.*-$.1'

$6(5%#0#'1"6#1)-601'/$)4$6')40'a%0061)-6'D4"50?'

O6"5+101'-,'."#$%&'"()$*$)+'$6')40'89DCNJ'.03-.)'

/0.0'#0)0.&$60#'%1$67'7"&&"2130().-&0).+'"1'/055'"1'

"534"2130().-&0).+'$6'1-&0'("101?'`"&&"2130().-&0).+'

(-&3".01')40'7"&&"2."+'/"*05067)41'0&$))0#'<+'."#$-"()$*0'

&")0.$"5'/$)4')40'0&$11$-6'130()."'-,':6-/6'."#$-"()$*0'

050&06)1?'X6'1-&0'$61)"6(01>')40'1$76"5'0&$))0#'<+'"'#"%74)0.'

<1*59&2)&'$)3()7*1()'&&91'2(/0)"5($2"%(5)'$5)89'$2"%(5)2-'$)

)4")'-,'$)1'3".06)'$1-)-30?'Q"<-.")-.$01'&"+')40.0,-.0'050()'

)-'.03-.)'"'#"%74)0.'3.-#%()'"()$*$)+'"1'.03.0106)")$*0'-,'$)1'

."#$%&'3".06)f1'"()$*$)+'$6'"6'"33.-3.$")05+'3.03".0#'1"&350?'

`$5#"+'"6#'-)40.1'AFGGGE'(-61$#0.0#')4")')40'!"2TTR'#"%74)0.'

3.-#%()1';<2TFU'"6#'Y$2TFU'/0.0')40'&-1)'.05$"<50'$6#$(")-.1'

-,'!"2TTR'"()$*$)+>'"6#')40+'1050()0#')40'5".70.'-,')40';<2TFU'

"6#'Y$2TFU'*"5%01')-'.03.0106)')40'!"2TTR'"()$*$)+?'`$5#"+'

"6#'-)40.1'AFGGGE'(-61$#0.0#'O(2TTP'"()$*$)+')-'<0')40'&-1)'

.05$"<50'$6#$(")-.'-,'!"2TTP'"()$*$)+>'"6#';<2TFT>'/4$(4'-((%.1'

/*,(1)*$)2-()5(&'0)&-'"$)D%#6)PH=),'!)!(/5*7)9!(56)

B40'*"5%01'5$1)0#'$6')"<50'T'".0'(-61$1)06)'/$)4')40'

"33.-"(4'-,'`$5#"+'"6#'-)40.1'AFGGGE>'<%)'10*0."5'$61)"6(01'

#$,,0.',.-&')40'*"5%01'4$745$74)0#'$6')40$.'.03-.)'"1'.03.0106)"2

)$*0'-,'"'7$*06'1"&350?'O)'-60'/055'A6-?'SRE>')40';<2TFT'

"()$*$)+'/"1'"6-&"5-%15+'4$74>'TV>GHH'3J$IQ>'.05")$*0')-'"'

(-..013-6#$67'O(2TTP'"()$*$)+'-,'F>[HH'3J$IQ?'`$5#"+'"6#'

-)40.1'AFGGGE'(-6(5%#0#')4")')40';<2TFT'*"5%0'/"1'0..-60-%1>'

"5)4-%74')4$1'/"1')40'*"5%0')40+'4$745$74)0#'"1'.03.0106)")$*0'

-,')40'1"&350?'O)'"'10(-6#'/055'A6-?'PTE>'"';<2TFT'"()$*$)+'-,'

S>R[H'3J$IQ'"51-'"330".0#')-'<0'"6-&"5-%15+'4$74'.05")$*0'

)-')40'O(2TTP'"()$*$)+'-,'F>FFH'3J$IQ?'X6'<-)4'$61)"6(01>')40'

O(2TTP'.")40.')4"6')40';<2TFT'"()$*$)$01'".0'%10#')-'.03.0106)'

E'CFFG)"$)2'3/()F6)J3CFPF)'&2"."2"(!),(1()9!(5)"$)*$/0)%.()

$61)"6(01'/40.0'O(2TTP'/"1'6-)'.03-.)0#?'X6'/0551'/40.0'

#%35$(")0'"6"5+101'/0.0'"*"$5"<50>'A6-1?'VP>'[R>'SG>'"6#'PHE>'

)40'"*0."701'".0'7$*06'$6')"<50'T?'

O55'-,')40'1"&3501'(-550()0#'<+'`$5#"+'"6#'-)40.1'AFGGGE'

/0.0'"6"5+M0#'<+'"6'-%)1$#0'(-6)."()'5"<-.")-.+>'"6#'"'1%<10)'

-,'6$60'1"&3501'/"1'"51-'"6"5+M0#'<+')40'89DCNJ'Y%.0"%'

-,';01)$($#0'"6#'!"#$")$-6'5"<-.")-.+?'D-&0'$6)0.5"<-.")-.+'

(-&3".$1-6'"6#'aOIaJ'$6,-.&")$-6'/"1'3.-*$#0#'$6')4")'

.03-.)'"6#'$1'#$1(%110#'<05-/?'X#0"55+>'&0).$(1'-,'<-)4'"6"5+)$2

&'/)'&&91'&0)D<1*>"7"20)*+)7('!91(5).'/9()2*)2-():219(;).'/9(H)

"6#'3.0($1$-6'A&0"1%.0&06)'.03.-#%($<$5$)+E'".0'3.0106)0#?'

Y0("%10'6-'"6"5+101'-,'.0,0.06(0'&")0.$"51'-.'-)40.'1)"6#".#1'

/0.0'.03-.)0#>')40'"6"5+)$("5'"((%."(+',-.')40'$6(5%#0#'#")"'

$1'%6:6-/6?'D"&350'3.0($1$-6'/"1'0="&$60#'<+'(-&3".$67'

#")"',-.'"6"5+101'-,'#%35$(")0U'"6#'.035$(")0[)!'7</(!)D%#6)OH6)

L(!<"2()2-()1(<*12(5):"$2(1$'//0)&*$!"!2($2)1(!9/2!;)+1*7)

0"(4'5"<-.")-.+>')40'&0"1%.0&06)'%6(0.)"$6)+'."6701'#$#'6-)'

*.(1/'<)"$)%.()*92)*+)$"$()31"$()!'7</(!)'$'/04(5)30)3*2-)

5"<-.")-.$01?'O'1$6750'-%)5$0.'0=4$<$)0#'"6'0=(03)$-6"55+'4$74'

#$,,0.06(0'-,'FUV'30.(06)'<0)/006'.035$(")0'"6"5+101',-.'

!"2TTR?'

?-(!()%$5"$#!)"$5"&'2()2-'2)!'7</()<1(&"!"*$)"!)#($(1'//0)

<0))0.'A5011')4"6'TH'30.(06)'#$1(.03"6(+'<0)/006'#%35$(")0'

-.'.035$(")0'1"&3501E',-.'1"&3501')4")'(-6)"$60#'7.0")0.')4"6'

[HH'3J$IQ>'<%)'3--.'"7.00&06)'$6'$6)0.5"<-.")-.+'(-&3".$1-61'

$6#$(")01')40.0'&"+'<0'<$"1'<0)/006'#")"'1-%.(01?'B40'

&"76$)%#0'-,')40'<$"101>'4-/0*0.>'"330".1')-'<0'$6')40')061'-,'

30.(06)1'/4$50'."#$%&'"()$*$)$01'$6'<.$60'1"&3501'."670'-*0.'

&-.0')4"6',-%.'-.#0.1'-,'&"76$)%#0?'B4$1'(-&3".$1-6'1%7701)1'

)4")'0*06')40'4$740.'06#'-,'"6"5+)$("5'$&3.0($1$-6'-<10.*0#'$6'

2-()5'2')5*(!)$*2)!"#$"%&'$2/0)'++(&2)2-()7'#$"295()*+)1'5"97)

"()$*$)$01'.03-.)0#?

UC%35$(")0'.0,0.1')-'$6#$*$#%"5'1"&3501',.-&'"'1$6750'1-%.(0'(-550()0#'")')40'

1"&0'35"(0'"6#')$&0?
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New York State Department of Environmental 
Conservation, Draft Supplemental Generic  
Environmental Impact Statement (2009)

R$)F]]S=)2-()IVXLM[)1(/('!(5)')!2950)2"2/(5):L1'+2)

D%3350&06)"5'`060.$('N6*$.-6&06)"5'X&3"()'D)")0&06)'

1(/'2(5)2*)N'1&(//9!)X-'/()\'!)L(.(/*<7($2;)DI(,)V*1@)

D)")0'C03".)&06)'-,'N6*$.-6&06)"5'J-610.*")$-6>'THHGE?'

K<<($5">)PO)*+)2-()5*&97($2=):IVX)N'1&(//9!)E'5"*/*#"&'/)

L'2')+1*7)J1*59&2"*$)U1"$(=;)/"!2!)#1*!!)'/<-'!"7.-11'<0)"!""6#'

"()$*$)$01'-,'!"2TTR'"6#'!"2TTP',-.'/")0.'1"&3501'(-550()0#'

,.-&'FT'7"123.-#%($67'K".(055%1'D4"50'/0551'$6'80/'9-.:'

D)")0?'O3306#$='#")"'/0.0'3.0106)0#'$6')"<50',-.&'/$)4-%)'

"((-&3"6+$67')0=)>'$6,-.&")$-6'.05")$67')-'aOIaJ>'-.'"6"5+)$2

("5'&0)4-#1?'Z-/0*0.>'/055'50"10'6"&01'"6#'O;X'6%&<0.1>'

)-/61>'"6#'(-%6)$01'/0.0'3.-*$#0#>'"55-/$67'/055'5-(")$-61'

"6#'.05")0#'$6,-.&")$-6')-'<0'-<)"$60#',.-&')40'D)")0'#")"<"10'

A!""#$%%&&&'()*'+,'-./%Q)%#6)FQ)2'3/(!)P)'$5)FH6)K&2"."2"(!)

-,'%."6$%&>')4-.$%&>'"6#')40'"6)4.-3-706$('$1-)-301>'

(01$%&2FVS>'(-<"5)2RH>'.%)406$%&2FHR>'"6#'M$.(-6$%&2G[>'

/0.0'5$1)0#'$6')40'"3306#$=>'<%)'".0'6-)'(-&3$50#'$6')4$1'.03-.)?'

Pennsylvania Department of Environmental Protection 
Report (1992)

R$)PSSP=)2-()JK)LMJ)&*$59&2(5)%(/5),*1@)+*1)')!2950)*+)

1"5$6$)+'"6#'."#$%&'"()$*$)$01'$6'3.-#%(0#'/")0.1>'15%#70>'"6#'

-)40.'.05")0#'/"1)0',.-&'-$5'"6#'7"1'/0551'$6';0661+5*"6$"?'

?-()1(!9/2!),(1()&*7<"/(5)"$)')1(<*12)2"2/(5):ITEN)X91.(0)

X977'10;)'$5)1(/('!(5)2-()+*//*,"$#)0('1)DJ($$!0/.'$"')

C03".)&06)'-,'N6*$.-6&06)"5';.-)0()$-6>'FGGTE?'B40'/0551'

1"&350#',-.')40'1)%#+'3.-#%(0#'4+#.-(".<-61'"6#'/")0.'

,.-&'Q-/0.'D$5%.$"6^_330.'C0*-6$"6'W-.&")$-61>'/$)4'-60'

1"&350')4-%74)')-'<0',.-&'"6'b.#-*$($"6'.010.*-$.?'O5)4-%74'

)40'K".(055%1'D4"50',"551'/$)4$6')4$1'1).")$7."34$('$6)0.*"5>')40'

1)%#+'5-67'3.02#")0#')40'.0(06)'ATHH[^3.0106)E',-(%1'-6')40'

K".(055%1'D4"50'"1'"6'%6(-6*06)$-6"5'7"1'.01-%.(0?'O&-67'

)40'&-1)'(-&&-65+'1"&350#'.010.*-$.1'/0.0'1"6#1)-60'$6')40'

D$5%.$"6'K0#$6"'`.-%3>')40'Q-/0.'C0*-6$"6'b.$1:"6+'D"6#2

1)-60>'Z%6)0.1*$550'J40.)>'"6#'b6-6#"7"'Q$&01)-60>'"1'/055'"1'

_330.'C0*-6$"6'1"6#1)-601'A)"<50'FE?'O<-%)')4.002,-%.)41'-,'

)40'1"&3501'/0.0')":06',.-&'1)-."70')"6:1>'-.'103".")-.')"6:1>'

"6#')40'.0&"$6$67'1"&3501'/0.0'(-550()0#',.-&'1%.,"(0'3$)1'-.'

#$:0#'".0"1'A)"<50'FE?'B40'5067)4'-,')$&0'<0)/006'4+#.-(".<-6'

3.-#%()$-6'"6#'1"&350'(-550()$-6'$1'%6:6-/6>'"6#')40.0,-.0>'

!"2TTP'"()$*$)+'&"+'4"*0'<006'&".:0#5+'.0#%(0#'<+'6")%."5'

#0("+?'Y.$601')4")'"((%&%5")0#'$6'-306'3$)1'3.01%&"<5+'/-%5#'

4"*0'<006'1%<d0()')-'0*"3-.")$-6'"6#'A-.E'#$5%)$-6'<+'."$6?'

Figure 3. Differences between measurements of duplicate and replicate analyses  
of Ra-226 and Ra-228 in produced water samples in relation to the mean activity of 
the sample for data from Gilday and others (1999). The solid lines represent 10 percent 
and 20 percent relative difference between duplicates/replicates using the method of 
Thompson and Howarth (1978). Samples with higher radium activities generally have 
better measurement precision, that is, lower percentage differences.

Ab
so

lu
te

 m
ea

su
re

m
en

t d
iff

er
en

ce
,

in
 p

ic
oc

ur
ie

s 
pe

r l
ite

r

Mean activity, in picocuries per liter

600

0

400

200

0 500 1,000 1,500 2,000

>20%

10–20%

<10%

Figure 3

Ra-226

EXPLANATION

Ra-228

http://www.dec.ny.gov/


Data Sources and Analytical Methods  7

X6'"##$)$-6')-'<.$60'1"&3501>'1"&3501'-,'15%#70>'#.$55'

(%))$671>'"6#'3$30'1("50',.-&'<.$60').0")&06)',"($5$)$01>'3$30'

+".#1>'#$13-1"5'/0551>'"6#'-)40.',"($5$)$01'/0.0'"6"5+M0#>'<%)'

)4010'.01%5)1'/0.0'6-)'(-&3$50#'$6')4$1'.03-.)?'8-'$6,-.&")$-6'

-6')40'5"<-.")-.+>'"6"5+)$("5'&0)4-#1>'%6(0.)"$6)$01>'-.'aOIaJ'

/"1'$6(5%#0#'/$)4')40';O'CN;'AFGGTE'.03-.)?'

Pennsylvania Department of Environmental Protection 
Reports (Unpublished Data, 2009–2010) 

K)$973(1)*+)2-()'$$9'//0)%/(5):^*17)F_E;)D[-(7"&'/)

O6"5+1$1'-,'!01$#%"5'@"1)0>'O66%"5'!03-.)'<+'`060.")-.E'

/"1)0'.03-.)1'.05")0#')-'14"50'7"1'3.-#%()$-6'/0.0'-<)"$60#'

,.-&')40';O'CN;?'B40',-.&1'"6#'"((-&3"6+$67'(40&$("5'

'$'/0!(!)'1()%/(5)'$$9'//0),"2-)2-()JK)LMJ)30)#($(1'2*1!)

-,'5$]%$#'-.'1-5$#'/"1)0>'$6(5%#$67'-$5'"6#'7"1'/055'-30.")-.1?'

?-()F_E)+*17!)&'$)3()."(,(5)'2)2-()LMJ)1(#"*$'/)*+%&(!)

<+'"33-$6)&06)>'-.'34-)-(-3$01'("6'<0'.0]%01)0#',.-&')40'

LMJ6)?-()LMJ)*+%&(!)"$)Z"//"'7!<*12)'$5)J"22!391#-),(1()

*$1$)0#'#%.$67')40'13.$67'"6#'1%&&0.'-,'THFH>'"6#')40'

"*"$5"<50'TR!',-.&1'30.)"$6$67')-'5$]%$#'/"1)0'7060.")0#'")'

7"1'/055'1$)01'/0.0'050().-6$("55+'1("660#?'O##$)$-6"5'#")"'

/0.0'-<)"$60#'<+'(-..013-6#06(0'/$)4')40'K0"#*$550>';"?>'

*+%&(6)E'5"97)'&2"."2"(!)+1*7)2-()F_E)+*17!),(1()"$&/95(5)"$)

)4$1'.03-.)'-65+'/406')40'/055'6"&0'"6#'.05")0#'$6,-.&")$-6'

(-%5#'<0'-<)"$60#',-.'"'7$*06'1"&350?'X6,-.&")$-6'-<)"$60#'

+1*7)F_E)+*17!)%/(5),"2-)2-()JK)LMJ)591"$#)F]]S`F]P])

,-.'"')-)"5'-,'TV'/0551'/"1'(-&3$50#'"6#'$6(5%#0#'$6')"<501'F'

"6#'T?'X6'&-1)'$61)"6(01>')40'BCD'*"5%01'-,')40'1"&3501'/0.0'

"51-'"*"$5"<50?'B$&0'10.$01'#")"'/0.0'"*"$5"<50',-.',-%.'/0551'

A)"<50'TE?'@406'#%35$(")0'"6"5+101'/0.0'3.-*$#0#>')40'"*0."70'

*"5%0'$1'14-/6'$6')"<50'T?

Q"<-.")-.+'6-)01'"((-&3"6+$67'TR!',-.&1'.03-.)0#')-'

)40';O'CN;'*".$0#'1%<1)"6)$"55+'<0)/006'$6#$*$#%"5'/0551>'

<%)'"55'$6(5%#0#')40'5"<-.")-.+'6"&0'"6#>'$6'1-&0'("101>'

)40'"6"5+)$("5'&0)4-#'"6#'aOIaJ'$6,-.&")$-6?'C013$)0')40'

6%&0.-%1'#$,,0.06)'.03-.)$67'06)$)$01>')40'."#$-(40&$("5'#")"'

.03-.)0#'$6')40'TR!',-.&1'/0.0'-<)"$60#',.-&'-65+',-%.'

#$,,0.06)'5"<-.")-.$01>'"6#'"55'".0'"((.0#$)0#'$6'"((-.#"6(0'/$)4'

)40'8")$-6"5'N6*$.-6&06)"5'Q"<-.")-.+'O((.0#$)")$-6';.-7."&'

A8NQO;E?'

`.-11'"534"""6#'<0)""0&$11$-6'&0"1%.0&06)1'$6(5%#0#'

$6')40';O'CN;'TR!',-.&1'/0.0'#0)0.&$60#'<+'&0)4-#1')4")'

"$&/95()!2'$5'15)'$5)7*5"%(5).(1!"*$!)*+)MJK)N(2-*5)S]]6])

A`.-11'O534"'"6#'`.-11'Y0)"'!"#$-"()$*$)+'$6'C.$6:$67'

@")0.E'"6#'D)"6#".#'K0)4-#'SFFHJ'AN")-6'"6#'-)40.1>'THH[E?'

8-'#%35$(")0'1"&3501>'.035$(")0'"6"5+101>'-.'-)40.'aOIaJ'

$6,-.&")$-6'/0.0'"*"$5"<50',-.'0$)40.')40'7.-11'"534"'-.'<0)"'

.01%5)1?'

@406'&0)4-#1',-.'."#$%&'"6"5+1$1'/0.0'.03-.)0#>'!"2TTR'

"()$*$)+')+3$("55+'/"1'&0"1%.0#'%1$67'7"&&"2130().-&0).+>'

"6#'$6'1-&0'("101'<+'"534"2130().-&0).+>'%1$67'1)"6#".#'

_DN;O'&0)4-#1g'N;O'K0)4-#'GHF?F'A`"&&"'N&$))$67'

!"#$-6%(5$#01'$6'C.$6:$67'@")0.E>'N;O'K0)4-#'GHV?H'

AO534"2N&$))$67'!"#$%&'X1-)-301'$6'C.$6:$67'@")0.E>'"6#'

N;O'K0)4-#'GHV?F'A!"#$%&2TTR'$6'C.$6:$67'@")0.'!"#-6'

N&"6")$-6'B0(46$]%0E?'!"#$%&2TTP'/"1'"6"5+M0#'%1$67'

1$&$5".'&0)4-#1g'N;O'K0)4-#'GHF?F'A`"&&"'N&$))$67'

!"#$-6%(5$#01'$6'C.$6:$67'@")0.E'"6#'N;O'K0)4-#'GHU?H'

A!"#$%&2TTP'$6'C.$6:$67'@")0.E?'W-.')40',-%.'10)1'-,'#%35$(")0'

!"2TTR'"6#'!"2TTP'"6"5+101>')40'#$1(.03"6($01'/0.0'5011')4"6'

S'30.(06)>'/$)4'-60'0=(03)$-6g'!"2TTR'"6"5+101'$6'#%35$(")0'

1"&3501',.-&'/055'6-?'F'#$,,0.0#'<+'ST'30.(06)?'

Dresel and Rose (2010)
O'.0(06)'3%<5$(")$-6'<+'C.0105'"6#'!-10'ATHFHE'.03-.)1'

)40'3.-#%(0#'/")0.'"6"5+101'-.$7$6"55+'(-6#%()0#'"1'3".)'-,'

"'K"1)0.f1')401$1'")';0661+5*"6$"'D)")0'_6$*0.1$)+'AC.0105>'

FGP[E?'b,')40'UH'1"&3501'(-550()0#>'!"2TTR'"6"5+101'".0'

.03-.)0#',-.'1$='/0551'3.-#%($67'4+#.-(".<-61'"6#'/")0.',.-&'

Q-/0.'D$5%.$"6^_330.'C0*-6$"6'1"6#1)-60'.010.*-$.1L'!"2TTP'

*"5%01'".0'6-)'.03-.)0#?'K-1)'-,')40'1"&3501'$6')4$1'1)%#+'/0.0'

(-550()0#',.-&')40'/05540"#'.")40.')4"6'10(-6#".+'1)-."70'

%6$)1'A)"<50'FE?'B40'!"2TTR'"()$*$)$01'.03-.)0#'/0.0'#0)0.&$60#'

<+'&0"1%.0&06)'-,'."#-62TTT'"()$*$)+'")'10(%5".'0]%$5$<.$%&'

A!-10'"6#'\-.60.>'FGSGE>'%1$67'"'&0)4-#'0]%$*"506)')-'_DN;O'

K0)4-#'GHV?F'A\.$070.'"6#'@4$))":0.>'FGPHE?'C0)"$50#'aOIaJ'

$6,-.&")$-6'/"1'6-)'"*"$5"<50?

This Study
!"#$%&'"()$*$)$01'4"*0'<006'#0)0.&$60#'")')40'_?D?'`0-2

5-7$("5'D%.*0+'A_D`DE',-.'1"&3501',.-&'1$='"##$)$-6"5'

K".(055%1'D4"50'7"1'/0551'$6';0661+5*"6$"?'D"&3501'/0.0'

&*//(&2(5)+1*7)%.()*+)2-(),(//!)D$*!6)PFa`POP=)2'3/(!)P)'

"6#'TE'"1'3".)'-,'"'1)%#+'<+';.$)M'ATHFHE?'B40'3.0($10'5-("5$)$01'

*+)2-(!(),(//!)"$)U1'5+*15)[*9$20)'1()&*$%5($2"'/=)'$5)2-(0)

'1()1(<1(!($2(5)"$)%#91()F)30)')!"$#/()<*"$26)Z(//)$*6)POF),'!)

1"&350#'d-$6)5+'<+')40'_D`D>')40'C03".)&06)'-,'N60.7+>'"6#'

$6#%1).+'(-55"<-.")-.1'-6'1%((011$*0'#")01>')4%1'3.-*$#$67')$&0'

10.$01'$6,-.&")$-6?'O6"5+101'-,')40'1"&3501'/0.0'(-6#%()0#'

")')40'_D`D'."#$-(40&$1).+'5"<-.")-.+'$6'!01)-6>'c$.7$6$"?'

B/-')-',-%.'#%35$(")01'-,'0"(4'1"&350',.-&'/055'6-?'FVT'/0.0'

3.03".0#'"6#'"6"5+M0#>'"6#')40'"*0."70'*"5%01'".0'.03-.)0#'$6'

)"<50'T?'

X6')40'1"&3501',.-&'/055'6-?'FVT>'."#$%&'/"1'(40&$("55+'

103".")0#',.-&')40'/")0.'<+'(-3.0($3$)")$67'$)'/$)4'<".$%&'

1%5,")0?'B40'3.0($3$)")0'/"1')406'35"(0#'$6')40'/055'-,'"'4$74'

3%.$)+'70.&"6$%&'#0)0()-.>'"6#']%"6)$)")$*0'"6"5+1$1'-,')40'

!"2TTR'"6#'!"2TTP'(-6)06)'-,')40'3.0($3$)")0'/"1'30.,-.&0#'

<+'7"&&"2130().-&0).+'%1$67'"')0(46$]%0'"#"3)0#',.-&'

K--.0'AFGPUE?'O1'#$1(%110#'"<-*0',-.')40'80/'9-.:'D)")0'

5'2')*+)\"/5'0)'$5)*2-(1!)DPSSSH=)E'CFFG),'!)89'$2"%(5)30)

&0"1%.$67')40'$6)061$)+'-,'7"&&"'."+1'0&$))0#'<+'O(2TTP>'

'$5)E'CFF_),'!)89'$2"%(5)30)7('!91"$#)2-()"$2($!"20)*+)2-()

7"&&"'."+1'0&$))0#'<+';<2TFU'"6#'Y$2TFU?'O1'#01(.$<0#'$6'

\."0&0.'ATHH[E>')40'7"&&"2."+'130().-&0).+'1+1)0&1'/0.0'

("5$<.")0#'%1$67'1)"6#".#$M0#'."#$%&'$1-)-3$('1-5%)$-61?'
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_6(0.)"$6)$01',-.')4010'"6"5+101'".0'5$1)0#'$6')"<50'T'"1''

eI^'-60'1)"6#".#'#0*$")$-6',.-&')40'&0"6'30":'$6)061$)+'"6#'
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#%35$(")0'1"&3501'/0.0'3.03".0#>')4")'$1>'.03.0($3$)")0#>'"6#'

"6"5+M0#>')40'."670'-,')40'#$1(.03"6($01'&")(40#'(5-105+'/$)4'

)40'."670',-.')40'(-%6)$67'0..-.g'H?T^P?['30.(06)?'Z-/0*0.>'

)40'#$1(.03"6($01'<0)/006'"6"5+101'-,'#%35$(")0'1"&3501'/0.0'

&-1)'(-&&-65+'T^U'30.(06)'4$740.')4"6')40'(-%6)$67'0..-.?'X6'

"55'("101>')40'&"=$&%&'0..-.'#$#'6-)'0=(00#'eI^'P?['30.(06)?'

Results

Salinity and Radium

D"5$6$)$01>'.03-.)0#'"1'BCD>'/0.0'"*"$5"<50',-.'"33.-=$2

&")05+'-6024"5,'-,')40'3.-#%(0#'/")0.'1"&3501'"6#'."670#'

,.-&'F>USH')-'UHT>HHH'&7IQ'/$)4'"'&0#$"6'-,'F[S>HHH'&7IQ'

?LX)D2'3/()FH6)?-()7(5"'$)2*2'/)1'5"97)D5(%$(5)-(1()'!)

!"2TTR'e'!"2TTPE'"()$*$)+',-.')40'6-62K".(055%1'D4"50'3.-2

#%(0#'/")0.'1"&3501'$1'F>HFF'3J$IQ'(-&3".0#'/$)4'T>URH',-.'

K".(055%1'D4"50'3.-#%(0#'/")0.'1"&3501'"6#'[>UGH'3J$IQ',-.'

2-()N'1&(//9!)<1*59&(5),'2(1)5'2')+*1)I(,)V*1@)X2'2()D%#6)bQ)

80/'9-.:'D)")0'C03".)&06)'-,'N6*$.-6&06)"5'J-610.*")$-6>'

THHGL';0661+5*"6$"'C03".)&06)'-,'N6*$.-6&06)"5';.-)0()$-6>'

%63%<?'#")">'THHG^THFHL')4$1'1)%#+E?'W-.'(-&3".$1-6>')40'

2*2'/)1'5"97)/"7"2)+*1)"$59!21"'/)(+B9($2)"!)_])<["cd=)'$5)2-()

#.$6:$67'/")0.'5$&$)'$1'['3J$IQ'A_?D?'N6*$.-6&06)"5';.-)0()$-6'

O706(+>'FGSRL'Z011'"6#'-)40.1>'FGP[L'_?D?'8%(50".'!07%5"2

)-.+'J-&&$11$-6>'THFFE?'

X6')40'89DCNJ'ATHHGE'1)%#+>'1"5$6$)$01'/0.0'6-)'

.03-.)0#L'4-/0*0.>')/-'/0551>'6-?'TP'"6#'6-?'VV>'/0.0'

.01"&350#'"6#'"6"5+M0#'<+'b1<-.6'"6#'K(X6)-14'ATHFHE>'

+$05#$67'.0130()$*0'1"5$6$)$01'-,'THR>UUR'"6#'TH[>FHT'&7IQ'
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)4010'1"&3501'$1'%6:6-/6>'<%)')40+'&"+'4"*0'<006'(-&3-10#'

5".705+'-,'/")0.'$6d0()0#',-.'4+#."%5$(',."()%.$67>'/4$(4'-,)06'
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Figure 4. Measured activities for total radium (Ra-226 + Ra-228) and Ra-226 for each of the data sources used in 
the study. The three datasets for produced water from Marcellus Shale wells are shown on the left; the remaining 
three datasets are for non-Marcellus Shale wells. The number of points in each dataset is shown in parentheses, 
and the median values are plotted as heavy black lines. For reference, the dashed line shows the industrial effluent 
discharge limit (60 pCi/L) for Ra-226 (U.S. Nuclear Regulatory Commission, http://www.nrc.gov/reading-rm/ 
doc-collections/cfr/part020/appb/Radium-226.html).
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Figure 5. (A) Log of gross alpha particle activity in relation to the log of Ra-226 activity and (B) log of gross beta 
particle activity in relation to the log of Ra-228 activity. Gross beta activities below the reported detection limit in 
well nos. 17 and 33 are not plotted or used in the best fit line.
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Figure 6. (A) Total radium activity and total dissolved solids related to time since initiation of flowback for 
well no. 11, Washington County, Pa. (B) Total radium activity (left axis, squares) and Ra-228/Ra-226 (right axis, 
diamonds) related to time since initiation of flowback for well no. 132, Greene County, Pa.
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Figure 7. (A) Log activity of total radium (Ra-226 + Ra-228) in relation to log total dissolved solids and (B) log activity 
of Ra-226 in relation to log total dissolved solids. Linear regression lines are shown for data from the Marcellus 
Shale (red), and for non-Marcellus Shale (blue) data; the lines are solid over the range of the data and dashed where 
extrapolated. Radium analyses listed as “ND” or not detected (well nos. 2 and 14) indicate values below the reported 
level of quantification (LOQ), 1 pCi/L. These points were replaced by one-half of the LOQ, or 0.5 pCi/L, and are plotted 
as open squares, but are not included in the regression. A reported Ra-226 activity of 0 (well no. 123) was replaced 
by 0.5 pCi, and is plotted as an open circle, but was not included in the regression.
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Figure 8. (A) Total radium and (B) Ra-228/Ra-226 plotted against the age of the producing formation. For formations with 
large numbers of analyses, the median is shown as a solid black dot. 
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