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Abstract

Measurements of chlorine-36 (3GCI)were made
for 64 water, snow, and glacial-ice and -runoff
samples to determine the meteoric and weapons-
tests-produced concentrations and fluxes of this
radionuclide at mid-latitudes in North America.
The results will facilitate the use of 36C1as a
hydrogeologic tracer at the Idaho National Engi-
neering and Environmental Laborato~ (INEEL).
This information was used to estimate meteoric
and weapons-tests contributions of this nuclide to
environmental inventories at and near the INEEL.
Eighteen surface-water samples from six sites
were selected from the U.S. Geological Survey’s
(USGS) archive-sample library at the INEEL for
36CI analyses. These 18 samples had been col-
lected during 1969–94; 36CI concentrations ranged
from 0.2*0.02 x 108 to 2.2*0.05 x 108 atoms/liter
(atoms/L). In 1994-95, an additional 14 sur-
face-water and 2 spring samples from the eastern
Snake River Plain were collected and analyzed for
36CI”36CI concentrations ranged from 0.014*0.001

‘8x 10 to 6.2~0.7 x 108 atoms/L, a range similar to
the range of concentrations in the 18 archived
samples. For comparison, 36C1concentrations in
water from two monitoring wells at the INEEL
were as large as 0.06*0.003 x 108 atoms/L for the
well (Site 14) not affected by site waste disposal
and 19,0001914 x 108 atoms/L for the well (USGS
77) about 500 meters (m) hydraulically downgra-
dient from the Idaho Nuclear Technology and
Engineering Center (INTEC).

Four snow samples were collected in 1991 at
and near the INEEL to aid in establishing mete-
oric concentrations. The detectable 36C1concentra-
tions in the snow samples ranged nearly four
orders of magnitude, fi-om 6.3*0.9 x 106 atoms/L
at Harriman State Park, 150 kilometers (km) north-
east of the INEEL, to 1.7+0.3 x 1010atoms/L near
the INTEC. The estimated 36CI flux for a sample
collected in Harriman State Park was
1.2~0.2 x 10-2 atoms/square centimeter/second

(atoms/cm2sec). The estimated 36C1flux for a sam-
ple collected in Copper Basin, 75 km west of the
INEEL, was 3*2 x 10-3 atoms/cm2sec. For com-
parison, 2 snow samples were collected at the
INEEL downwind fi-om the INTEC during
nuclear-waste calcining operations. The estimated
36CI flux for the sample collected 11 km south-
west of the effluent stack at the INTEC was
1.0+0.03 atoms/cm2sec and for the sample 1.5 km

downwind, the flux was 12.Oti.4 atoms/cm2sec.

A 160-m ice core was collected in 1991 from
the Upper Fremont Glacier in the Wind River
Range of Wyoming in the western United States.
In 1994-95, ice from this core was processed at
the National Ice Core Laboratory in Denver, Colo-
rado, and analyzed for 36CI. A tritium weap-
ons-tests peak identified in the ice core was used
as a marker to estimate the depth of weapons-tests
produced 3GC1.Tritium concentrations ranged from

Otritium units for older ice to more than 360 tri-
tium units at 29 m below the surface of the gla-
cier, a depth that includes ice that was deposited as
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snow during nuclear-weapons tests through the

36C1production duringearly 1960’s. Maximum

nuclear-weapons tests was in the late 1950’s; there-
fore, analyses were performed on ice samples from

depths of 29.8 to 35.3 m. The peak 36CI concentra-
tion in these samples was 7.7* 0.2 x 107 atoms/L
at a depth of about 32 m. Estimated flux for 36C1in

ice deposited as snow in the 1950’s ranged from
9.OtO.2 x 10-2 atoms/cm2sec for an ice sample

from 34.2 to 34.8 m to 2.9+0.1 x 10-’
atoms/cm2sec for an ice sample from 31.5 to 32.0
m; a mean global natural-production flux for 36CI

of 1.1 x 10-3 atoms/cm2sec has been reported. The
peak ‘6CI flux calculated in the present study was

two orders of magnitude larger than the mean glo-

bal natural-production flux and was similar to the
weapons-tests flux of 5 x 10-’ atoms/cm2sec

reported for the Dye 3 ice core from Greenland
which was deposited during the same period of

time as the Upper Fremont Glacier ice.

Ice samples from depths of 19.6 to 25.0 m, 39.6
to 46.4 m, and 104.7 to 106.3 m were selected to
represent pre- and post-weapons-tests 36CI concen-
trations and fluxes. The 36C1concentrations in the

pre- and post-weapons sections of glacia[ ice and
runoff were less than 2 x 107 atoms/L. The esti-
mated fluxes from these cores ranged from 4.5+0.7
x 10-3atoms/cm2sec to 6.3~0.3 x 10-2

atoms/cm2sec. For comparison, a glacial-runoff

sample collected in 1995 at Galena Creek Rock
Glacier, 180 km north of the Upper Fremont Gla-
cier, had an estimated concentration of 3 .2~0.5 x
106 atoms/L and an estimated flux of 1.6~0.2 x
10-2 atoms/cm2sec.

The data presented in this report suggest a

meteoric source of 36CI for environmental sam-

ples collected in southeastern Idaho and western
Wyoming if the concentration is less than 1 x 107
atoms/L. Additionally, concentrations in water,

snow, or glacial ice between 1 x 107 and 1 x 10s
atoms/L may be indicative of a weapons-tests
component from peak 36CI production in the late
1950s. Chlorine-36 concentrations between 1 x
10* and 1 x 109 atoms/L maybe representative of
re-suspension ofweapons-tests fallout, airborne

disposal of 36C1from the INTEC, or evapotranspi-

ration.

It was concluded from the water, snow, and gla-
cial data presented here that concentrations of 36CI
measured in environmental samples at the INEEL
larger than 1 x 109 atoms/L can be attributed to
waste-disposal practices.

INTRODUCTION

Radioactive chlorine-36 (36C1)has a half-life of
301,000 years and decays by beta-particle emis-
sion (Barrington and others, 1996). Releases of
36C1to the environment at the Idaho National
Engineering and Environmental Laboratory

(INEEL) (fig. 1) as a result of nuclear-waste pro-
cessing operations, have been well documented
(Cecil and others, 1992; Beasley and others,
1993). This 36CI was produced by neutron activa-
tion of stable chlorine-35 (35C1) present as impuri-
ties in nuclear-fuel bundles, reactor-cooling water,
and other process wastes. Radioactive chlorine
then is released to the environment in liquid and
gaseous effluents as chlorine gas and/or nitrosyl
chloride by the following reaction:

H_N03 + 3H36C1 ----> 36C12+ N036Cl + 2 HZO

There are three quantifiable sources of 36C1in
the environment at the INEEL in addition to the
releases made during waste processing: (1) mete-
oric input from wet and dry precipitation of cos-
mogenical[y produced 36C1in the Earth’s atmo-
sphere; (2) 36CI produced during nuclear-weapons
tests in the 1950-60’s and transported globally in
the upper atmosphere; and (3) in situ production in
rocks and soils by natural interactions of nuclear
particles with stable elements. Meteoric input,
input from nuclear-weapons-tests fallout, and in
situ production of 36C1at the INEEL have only
been estimated (Beasley and others, 1993). In this
report, we present the first measurements and
quantitative estimates of 36C1at the INEEL from
meteoric and weapons-tests inputs. The in situ pro-
duction estimates will be presented in a subse-
quent report (Cecil and others, in press).

Three measures of 36C1are used in this report:
(1) concentrations expressed as atoms/L; (2) ratios
of atoms of 36C1to atoms of total chloride
(36C1/Cl) in the samples with an associated uncer-
tainty reported by the laboratory; and (3) atmo-
spheric flux of 36C1in atoms per area per time

2



Explanation

N WELL COMPLETED IN SNAKE RIVER
PLAINAQUIFER- Entry, Site 14, is
the local well identifier

A STREAMFLOW SITE- Entty, Snake
River below Jackson Dam, is name
of gaging station

0 TOWN

● GLACIALSAMPLINGSITE

. Galena Creek Rock Glacier
nake River below
Jackson Dam
A

~%~~~~~.~~~~~cier

inedale

Wyoming
1
I

MILES O 100 200
I I

KILOMETERS O 200

Figure 1. Location of the Idaho National Engineering and Environmental Laboratory and selected
ground-water, surface-water, and glacial sampling sites.
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calculated from concentrations in the ice core
(atoms/L) and precipitation flux (g/cm2sec). The
ratios were reported by the laboratories that made
the measurements and the concentrations and
fluxes were used to compare with data sets from
other studies in the literature.

To aid in determining meteoric input of 36C1to
the environment, 32 surface-water and 2 spring
samples collected during 1969–95 from sites on
and near the eastern Snake River Plain were
selected for 36C1analyses (table 1). Eighteen of
these samples, collected during 1969–94, were
selected from the archive-sample library main-
tained by the U.S. Geological Survey (USGS) at
the INEEL. In addition to the surface-water and
spring samples, 7 ground-water and 4 snow sam-
ples were collected at and near the INEEL and
analyzed for 36C1.The 7 ground-water samples
were collected from two USGS monitoring wells
at the INEEL, Site 14 and USGS 77 (fig. 1). Two
of the 4 snow samples were collected at the
INEEL, (INEEL #1, #2; fig.2) and 2 were col-
lected near the INEEL; the Harriman State Park
sampling site is about 150 km northwest of the
INEEL and Copper Basin is about 75 km west of
the INEEL (fig. 2).

Chlorine-36 produced during weapons tests in
the 1950-60’s has been identified in polar ice and
in the ice sheet in Greenland (Finkel and others,
1980; Elmore and others, 1982). However, at
mid-latitudes, Cecil and Vogt (1997) demon-
strated for the first time that ice cores are suitable
as archives for inventories of 36CI despite the
effects of thawing and refreezing and subsequent
mehvater percolation.

In 1991, a research team from the USGS col-
lected a continuous 160-m ice core from the Upper
Fremont Glacier in the Wind River Range of
Wyoming in the western United States (fig. 1).
From this core, the first successful reconstruction
of an isotopic record of paleoclimate from a
mid-latitude North American glacier was reported
(Naftz and others, 1996). Naftz and others (1996)
established a global linkage of the delta oxy-
gen-l 8 (61s0) Standard Mean Ocean Water series
between the Upper Fremont Glacier and two
ice-core records from the Quelccaya Ice Cap in
South America. The ice affected by the 1963 tri-

tium (’H) weapons peak in the Upper Fremont
Glacier ice core at a depth of 29 m below the sur-
face of the glacier was identified. The 3H concen-
tration at this depth was 365 tritium units. On the
basis of this 3H record, 18 sections of ice core
ranging in length from 0.4 to 0.9 m were selected
for 36CI analyses (table 2). These sections of ice
core were selected fi-om various depths below the
surface to include ice affected by the peak weap-
ons-tests fallout of 36C1that occurred during
1955-58 (fig. 3). The 36CI peak should be slightly
deeper in the ice core than the 1963 3H peak.
Additional sections of ice were selected to repre-
sent pre-and post-weapons-tests 36C1concentra-
tions. A sample of relatively recent glacial runoff
from Galena Creek Rock Glacier, 180 km north of
the Upper Fremont Glacier, also was analyzed for
comparison purposes (fig. 1). Glacial-runoff from
the Galena Creek Rock Glacier has been shown to
be of recent origin; generally from melted snow
that has been deposited within the last two years
(Cecil and others, 1998).

Purpose and Scope

Most 36C1produced in the hydrogeologic envi-
ronment originates from cosmic radiation interact-
ing with atmospheric gases. Additionally, large
amounts of 36C1,orders of magnitude larger than
naturally-produced inventories, have been released
to the environment during nuclear-weapons test-
ing, nuclear-reactor operations, and nuclear-waste
processing. Releases of 36C1representative of dis-
posal practices in the nuclear industry have been
documented in the hydrogeologic environment at
the INEEL. To better determine the inventories of
36C1at the INEEL, a total of 64 ground- and sur-
face-water, snow, and glacial-ice and -runoff sam-
ples were analyzed to quantifj inputs from
meteoric sources and fallout fi-om nuclear-weap-
ons tests. These samples were collected at and near
the INEEL in southeastern Idaho and western
Wyoming (fig. 1).

Study Area

The eastern Snake River Plain (fig. 2) is a
structural downwarp filled with basalt that is gen-
erally within 3 m of the land surface (Whitehead,
1992). Unconsolidated sediments overlie the mar-
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Table 1. Dissolved-chloride concentration, amount of 36C1-free chloride carrier added, 36CI concentration and

calculated fluxes in surface-water, ground-water, spring, snow, and glacial-runoff samples (see figs. 1 and 3 for

site locations; see text for explanation of uncertainties).

[SW,surface-water sample; GW,ground-water sample; SN, snow sample; SP, spring sa pie; GR, glacial runoffsample: USGS, U.S.
Geological Survey INEEL,Idaho National Engineering and Environmental Laboratory 3TCl, chlorine-36; and ND, not determined].

Chloride 3bC1-free l’vleasured
36cl 36CIflux

Site identifier
Date of

concentration chloride carrier %H/cl (xlols)~sample
concentration (atomslcmzsec

(m@) (mg) (atoms/L x1O’) Xlo’)

Little Lost
River-SW

Big Lost
River-SW

Birch Creek-SW

Camas Creek-SW

Fall River-SW

Snake River
below Jackson

Dam-SW

Blackfoot
River-SW

Snake River at
Shelley-SW

Snake River at
Irwin-SW

Snake River at
Heise Bridge-SW

Teton River-SW

09-11-69

10-04-77

04-08-83

04-01-88

10-11-94

04-03-70

1990

1991

10-11-94

04-03-70

1990

03-28-91

10-11-94

04-03-70

10-03-77

10-11-94

04-02-70

04-02-70

3-1-94

3-1-94

3-2-94

3-2-94

3-2-94

11+0.7

7.4?0.6

13~o.8

11+0.7

13*0.8

4.2ko.5

4*0.5

3*0.4

3.4*().4

5.1*0.5

5*0.5

4.4&o.5

4.20.5

5.9&o.5

7.3&o.6

7.4*0.6

14*0.8

4.8&0.5

13+o.8

12&0.8

6.8*O.6

1%1

3.3?0.4

o

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

2,290&160

2,070*1 90

3,22(B250

95&k198

998?24

3,450*120

2,461*99

2,776* I68

2,36!%25

96ti40

623233

672=1

66&19

39&50

2, 17@60

843?25

75ti50

2,3 l&70

68!%c51

567?33

894*42

311K21

2,630k210

1.9+.0.1

0.3+0.01

2.1*0.2

0.7*0. 1

2.2*o.05

1.2A0.04

1.7*0.07

1.4+o.08

1.4+().()1

o.2fo.ol

0.5+(3.03

0.5*0.02

0.5+0.01

0.2+().()2

o.5+o.02

1.lto.03

0.4+().()3

0.4*0.01

1.5*O.1

1.2+0.1

1.&o.05

l.&ko.l

1.5*O.1

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND



36CI concentration and36C1-free chloride carrier added,Table 1. Dissolved-chloride mncentration, amount of

calculated fluxes in surface-water, ground-water, spring, snow, and glacial runoff samples (see figs. 1 and 3 for

site locations; see text for explanation of uncertainties) .-continued

Chloride 36C1-free 36~,
Date of Measured ‘6CIflux

Site identifier concentration
sample

chloride carrier 36CVCI(XIII-”) concentration (atoms/cm2sec
(mg/L) (mg) (atoms/L X108) Xlo-’)

Henrys Fork at St.
Anthony-SW

Medicine Lodge
Creek-SW

Beaver Creek-SW

Portneuf
River-SW

Snake river Near
Neely-SW

Snake River at
Milner-SW

Snake River at
King Hill-SW

Big Wood
River-SW

Silver Creek-SW

Liddy Hot
Spring-SP

Big Spring-SP

Site 14-GW

USGS 77-GW

Harriman State
Park-SN

Copper Basin-SN

INEEL # 1-SN

INEEL #2-SN

Galena Creek
Rock Glacier-GR

3-3-94

3-3-94

3-3-94

3-4-94

3-4-94

3-4-94

3-5-94

3-5-94

3-5-94

3-14-94

6-27-95

9-7-77

10-15-93

5-10-68

4-25-69

4-21-71

9-6-77

11-1-93

12-10-91

3-15-91

1-24-91

1-24-91

8-30-95

2.3&0.4

6.3+0.5

4.4ko.5

37*2

36*2

29* I

25* I

5.3*0.5

4.4*0.5

7.2~o.6

2.6?0.4

9.2*0.7

8.2+0.6

65*3

73*3

71+3

7%3

12&5

0.%0.2

0.5*0.1

0.25+0.05

0.95+0.19

0.07%0.004

o

0

0

0

0

0

0

0

0

0

0

2.01

1.07

11.97

117.6

112.1

12.31

11.8

16

24

24

24

0.722

3,040*190

2,230~120

8,300*970

417+41

277+18

387*15

442?33

3,850+200

4, 180f200

235+8

33.6&2.5

141+7

2 12+6

7,84O*11O

lo,40&500

8,880?290

8,1l13i220

6,18&90

74* lo

5&25

17,93!M469

177,90ti35,580

1711k25

1.2+.0. 1

2.4?0. 1

6.2?0.7

2.6?0.3

1.710.1

1.9?0. 1

1.9*0.1

3.5k0.2

3.lAO.2

0.28+0.01

0.014*0.001

0.06+0.003

0.04*0.001

16,00ti225

19,000i914

17,0001556

17,10M463

12,50&182

0.063*0.009

0.04%0.025

14*().4

17&k34

0.032*0.005

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

0.12+0.02

0.03*0.02

lMO.3

120*24

0.16f0.02
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Table 2. Dissolved-chloride concentration, amount of 36C[-free chloride carrier added, 36CI concentration, and

calculated fluxes in samples from ice core collected in the summer of 1991 from the Upper Fremont Glacier,

Wyoming (see fig. 1 for the location of the Upper Fremont Glacien see text for explanation of uncertainties).

[3’Cl, chlorine-36; m, meters mg, milligram; atom/g, atoms per gram; and atoms/cm2sec, atoms per square centimeter per second]

Depth below Core Dissolved 36C1-free 36(.,
In Situ ‘ccl flux

glacial surface length chloride (mg/L) chloride carrier ~cucl (xlO’s) concentration (atoms/cm2sec

(m) (m) * 20 percent (mg) (atoms/g X104) Xlo-1)

i 9.6-20.5

24.0-24.5

24.5-25.0

29.8-30.4

30.4-31.1

31.1-31.5

31.5-32.0

32.0-32.5

32.5-33.1

33.1-33.6

33.6-34.2

34.2-34.8

34.8-35.3

39.6-40.2

40.2-40.6

45.2-46.4

104.7- 105.5

105.5-106.3

0.9

.5

.5

.6

.7

.4

.5

.5

.6

.5

.6

.6

.5

.6

.4

.8

.8

.8

0.19

.25

.11

.08

.09

.20

.16

.14

.13

.38

.12

.14

.38

.18

.09

.35

.19

.07

I .03

.85

.99

1.71

1.69

1.44

1.69

1.08

1.00

0.95

1.02

1.02

1.02

.80

.81

1.03

1.81

1.87

860*80

3,9OO*1OO

7,600f200

24,000*1,000

28,000tl,000

19,000+1,000

28,000+1,000

23,000+3,000

16,000+2,000

9,600 *I ,000

16,000f2,000

9,90CN200

4,30 CNIO0

4,50M200

8,90W300

3,20(H400

370i60

4,40(H300

0.28A0.03 0.11+0.02

I.7+0.05 .63*0 .03

1.4io.04 .54+0.02

3.HO.1 1.Ho. 1

4.3*O.1 1.6*O.1

6.5?0.2 2.5*0. I

7.7?0.2 2.9+0.1

5.5?0.7 2.1*0.3

3.450.5 1.3k0.2

6.fio.6 2.4?0.2

3.2&0.4 1.2+0.1

2.4f0.l .90+0.02

2.8*0.1 1.1*0.02

1.4*0.05 .53+0.01

1.4*0.05 .52+0.01

l.mo.ol .3$%0.05

.12*0.02 .045*0.007

.52k0.04 .2M0.02
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gins of the plain and are interbedded with the
basalts and cinder beds at depth. The basalts are
several hundred to as much as 1,500 m thick and
underlie most of the plain. Fractures and vesicular
zones occur near the surfaces of the basalt flows
and may be highly transmissive of ground water.
Reported transmissivities for the eastern Snake
River Plain aquifer range from 0.1 to more than
70,000 m2/day, a range of nearly six orders of
magnitude (Ackerman, 199 1). Depth to ground
water at the INEEL varies in the basalt aquifer
from about 60 m below land surface in the north-
ern part to more than 275 m in the southern part.
The hydraulic gradient at the INEEL is about
1 m/km and horizontal ground-water flow veloci-
ties range from 1 to 7 m/day. This range is based
on the distribution of 36C1through time as deter-
mined from analyses of archived samples (Cecil,
unpublished data, 1998).

Long-term (1950-88) average precipitation in
the vicinity of the INEEL is 22 cm/year (Clawson
and others, 1989, table D-1 ). About 40 percent of
the long-term average precipitation on the eastern
Snake River Plain is rainfall between April and
September. However, as a result of evapotranspira-
tion, less than 5 percent of that precipitation infil-
trates the surface locally on the Snake River Plain
(Cecil and others, 1992). Recharge to the eastern
Snake River Plain aquifer is from snowmelt in the
mountains to the east, west and north, and from
irrigation return flow and surface water. The five
watersheds that recharge the aquifer are the Big
Lost River, Little Lost River, Birch Creek, Camas
Creek/Mud Lake, and the main Snake River drain-
age (fig. 2).

The INEEL comprises about 2,300 km2 of the
eastern Snake River Plain in southeastern Idaho.
The INEEL was established in 1949 and is used by
the U.S. Department of Energy (DOE) to con-
struct and test nuclear reactors and to participate in
various defense programs. Radiochemical and
chemical wastes generated at the INEEL and other
DOE facilities have been buried at the site since
1952. Additionally, from 1952-84, low-level radio-
active and chemical wastes were disposed into the
Snake River Plain aquifer at the Idaho Nuclear
Technology and Engineering Center (INTEC)
through a 182-m-deep disposal well. Since 1984 at

the INTEC, and from 1952–93 at the Test Reactor
Area (fig. 2), these wastes also have been dis-
charged to infiltration ponds. The wastewater ciis-
charged to ponds at these two facilities must travel
through about 150 m of alluvium, sedimentary
interbeds, and basalt before reaching the aquifer.

Previous Investigations

Pre-weapons tests 36C1/Cl ratios were esti-
mated for the continental United States (Bentley
and others, 1986). These researchers used calcula-
tions done by Lal and Peters (1967) for meteoric
36CI fallout with latitude divided by total chloride

in precipitation from Eriksson (1960). Similar
pre-weapons-tests ratios as those estimated by
Bentley and others for the latitude of the INEEL
(320 to 640x 10-15,fig. 4) have been reported by
Cecil and others (1992) for soil water extracted
from the shallow alluvium at the Radioactive
Waste Management Complex (RWMC) (fig. 2). It
was determined that soil water representative of
pre-weapons-tests 36C1/Cl ratios from depths rang-
ing from 2.4 to 5.6 m below land surface had val-

15”36C1/Cl ratios ranged fromues near 320 x 10- ,
260f12 X 10-15to 290f14 X 10-’5.

Chlorine-36 concentrations and estimated
fluxes were reported for the eastern United States
(Hainsworth and others, 1994) and for the central
United States (Knies and others, 1994). Pre- and
post-weapons-tests concentrations and fluxes
reported in those studies are nearly the same as
concentrations and fluxes reported here. The first
identification of weapons-tests-produced 36C1in
glacial ice of North America was reported by Cecil
and Vogt (1997). This report is a continuation of
that work.
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METHODS AND QUALITY ASSURANCE

The ground-water, surface-water, and spring
samples were analyzed for dissolved chloride by
the ion-chromatography method (Fishman and
Friedman, 1989). Internal standards were ana-
lyzed to ensure that all data were within accep-
tance limits. A standard two-column ion
chromatography technique was employed. Water
samples were placed in a liquid mobile phase (elu-
ent) and pumped at a constant flow rate through
two ion-exchange columns in tandem. In the first
column, chloride ions were separated from the
solution on the basis of their affinity for exchange
sites on an anion-specific resin. The second col-
umn decreased the background conductivity of the
eluent to a minimal level to suppress interference.
Separated chloride ions then were quantified with
a specific-conductance cell, and an anion chro-
matography was produced.

Because the results of chloride analyses per-
formed by the USGS’s National Water Quality
Laboratory (NWQL) for ground-water, sur-
face-water, and spring samples were not reported
with a sample standard deviation, sample standard
deviations were calculated using the following
method. The USGS Quality Assurance (QA) unit
conducts a blind-sample program in which refer-
ence samples disguised as environmental samples
are submitted to the laboratory for analyses (Mal-
oney and others, 1993). These blind-sample pro-
gram data are stored in the USGS data base
(QADATA) and are accessible through the USGS
computer system (Lucey, 1990). The statistical
analyses generated through the QADATA pro-
gram include equations generated by using
linear-least-squares regression of a most probable
value for a given analyte from the USGS’s Stan-
dard Reference Water Sample program during the
previous seven years compared to a corresponding
concentration generated in the laboratory for an
environmental sample. These linear-regression
equations facilitate the calculation of a most prob-

able deviation (MPD) at most concentrations for
most analytes in samples submitted to the NWQL
for analyses. The following equation from
Maloney and others (1993) was used to estimate
the sample standard deviations (or MPD) in table 1
for chloride concentrations reported by the
NWQL:

y = 0.039X+ 0.30

where:

y is the calculated sample standard deviation, in
mg/L, and

x is the reported chloride concentration, in
mg/L.

The ice samples used in this study were stored
and processed for analyses at the National Ice
Core Laboratory in Denver, Colorado. The ice
cores were cut using a band saw operated in a
walk-in freezer where the air temperature is main-
tained at less than - 10“C. Sections of the ice core
selected for 36C1analyses were scraped with a
stainless steel microtome and then rinsed with
ultrapure (18 megohm-cm) deionized water. The
ice cores then were slowly melted in a microwave
oven. A laboratory blank of the 18 megaohm
deionized water and two process blanks prepared
by the staff at PRIME Laboratory at Purdue Uni-
versity were analyzed with the melted ice cores.
The deionized water blank and the process blank
PRIME B-1 did not contain 36C1(table 3). Process
Blank PRIME B-2 contained 36CI at a small con-
centration that was used to blank correct all sam-
ples that were measured at the same time as
PRIME B-2. Chlorine was separated from the
melted ice by precipitation as silver chloride
(AgCl) and analyses for 36C1were performed.

The concentrations of dissolved chloride in the
snow, glacial-ice and -runoff samples were deter-
mined using a low-level ion chromatography (IC)
system consisting of a Dionex AI-4500 Ion
Chromatograph, AS4A (4 x 250 mm) and AG4A
(4x 50 mm) columns, and a computer interface
that downloaded the data directly to a computer
file (Fishman and Friedman, 1989). A 1.8 milli-
Molar (mM) sodium carbonate and 1.70 mM
sodium bicarbonate eluent with a constant flow
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Table 3. Dissolved-chloride concentration, amount of 36CI-freechloridecarrieradded,and measured 36C1/Clin
quality-assurancesamples

[mg/L, milligrams per Iitec ‘Cl, chlorine-3% and mg, milligrams]

36C1-free
Site or sample identifier

Date of Chloride concentration
sample (mg/L)

chloride carrier Measured ‘CUCI (xIV’S)
(mg)

Deionized Water 1995 <0.01 <].7] 16*16

PRIME B-1 1995 <().()1 <1.01 I*1

PRIME B-2 1993 <&tJI <3.83 122

PB-I 1991 <0.01 24 M1O

PB-2 1991 <().0I 24 &lo

PB-3 1991 <0.01 24 15*10

PB-4 1991 . <1).t)l 24 24* I6

rate of 1.0 mL per minute was used. The concen-
tration of the anions was then determined using a
micromembrane suppressor and a conductivity
detector.

Eight hundred microliters of the sample were
loaded onto the column. The anions were extracted
onto the stationary-phase resin of the column. The
anions were eluted off of the column at specific
times and in a specific order using the carbon-
ate/bicarbonate eluent. The sample stream passed
through a suppressor which lowered the baseline
conductivity, thereby lowering the method detec-
tion limit. The stream was then routed past a con-
ductivity detector that showed increased
conductivity as peaks on a chart recorder when the
number of ions in the stream increased. The tim-
ing of these peaks indicated which anion was
present and the magnitude of the peak revealed the
amount in the sample.

Fifty percent of each group of samples submit-
ted for analyses were quality control (QC) sam-
ples. These consisted of Standard Reference Water
Samples, blanks, calibration standards and blind
QC samples. Two separate bIind-sample programs
submit samples to the NWQL, one program is
administered by the Quality Assurance Unit and
the other by the Branch of Technical Develop-
ment and Quality Systems. Charts of the blind QC
output are available fkom each of these programs.
These charts indicate that the IC line used for the
snow and glacial-ice and -runoff samples was
operating with no shifts in trends, no significant

bias, and all data were within the acceptance lim-
its. The QA/QC data and charts are available for
inspection at the USGS Project Office at the
INEEL.

The chloride analyses performed on the snow
and glacial-ice and -runoff samples by the NWQL
had a standard deviation of 0.014 mg/L at concen-
trations of 0.07 mg/L. This standard deviation was
calculated from on-line QC data collected from 25
separate analyses of Standard Reference Water
Sample P-13 and represents an associated uncer-
tainty of 20 percent. The 25 values used were col-
lected from January 1996 to May 1996 and are
similar to data collected from previous years.
Standard Reference Water Sample P-13 was made
by the Branch of Technical Development and
Quality Systems and is regularly used as a QC
sample on the analytical instrument used for this
study. The results for this Standard Reference
Water Sample are similar to results obtained by
both blind-sample programs at the NWQL. There-
fore, all dissolved chloride concentrations deter-
mined for the snow and glacial-ice and -runoff
samples were assigned an associated uncertainty
of 20 percent (table 2).

Until 1977, 36CI in environmental samples was
measured by counting beta-particle emissions dur-
ing radioactive decay. These kinds of measure-
ments were difficult because of the relatively long
half-life and the corresponding small specific
radioactivity of 36CI. However, Muller (1977) pos-
tulated that by using particle accelerators as mass



spectrometers, radionuclides with relatively long
half-lives, such as carbon-14 (14C) and beryl-
lium- 10, could be measured at environmental con-
centrations. Later in 1977, accelerator mass
spectrometer (AMS) measurements of 14Cwere
reported by McMaster University in Canada and
the University of Rochester in the United States. In
1979, the first successful measurements of 36C1in
ground-water samples were carried out at the Uni-
versity of Rochester on a tandem Van De Graaff
accelerator system; the first such use of accelera-
tors had been for helium-3 measurements in 1939

by Alvarez and Cornog (Elmore and others, 1979).
Since 1979, thousands of environmental samples
have been measured for 36CI concentrations at sev-
eral accelerator facilities throughout the world.

Conventional beta-decay counting methods
required tens of grams of chloride, and counting

times as long as a week were common. The AMS
method requires as little as 1.0 mg/L total chloride
with corresponding counting times of thirty min-

utes and 10 percent precision. Sensitivity also has
improved. Sensitivity of beta-counting methods is

about one 36C1atom in 10’2 chlorine atoms and

sensitivity of AMS methods is about 5 atoms of
36C1in 10*5 chlorine atoms. This AMS sensitivity
corresponds to about one beta-particle emission
per yean this measurement is not feasible by con-
ventional beta-decay counting.

AMS operates on the same principle as
conventional mass spectrometry, that all charged
atomic and molecular species have unique masses.
Just as in mass spectrometry, AMS consists of four
steps: (1) formation of negatively charged atomic
or molecular species; (2) acceleration of ‘&ese
species through an electrostatic potential; (3)
separation of ions based on their mass-to-charge
ratios; and (4) particle identification in a detector
system. In the AMS method, acceleration is
through electrostatic potential of megaelectron volt
energies in contrast to kiloelectron volt energies
found in conventional mass spectrometry.
Molecular interference is eliminated as particles
are accelerated to larger energies. In the case of
36CI, isobaric interference is from sulfur-36 (36S).

Therefore, most of the sulfate in the sample used
in this study was removed in the chemical
preparation of targets for AMS. The remaining

3% was suppressed by the range-ener~ separation
method.

Ground- and surface-water samples, the
glacial-ice and -runoff samples, and the deionized
water and blanks PRIME B-1 and B-2 (table 3)
were analyzed for 36C1at PRIME Laboratory, Pur-
due University. The PRIME Laboratory AMS
facility contains an upgraded 8-million volt tan-
dem accelerator with a high intensity ion source, a
75-thousand volt ion-source injector, and a beam-
line and detector system. Positive ions of cesium
are used to sputter chloride ions from a Silver
Chloride (AgCl) target. The negative ions are
focused and passed through a 900-angle inflection
magnet and accelerated toward a fixed positive ter-
minal potential midway through the tandem accel-
erator. The negative ions pass through a carbon
foil that strips off valence electrons and breaks the
molecular species. The resultant beam of positive
ions is accelerated toward ground potential. After
passing through a 900-angle magnet and an elec-
trostic analyzer, the 36C1ions are distinguished

from 3% and identified in a gas-ionization detec-
tor.

The process blank water samples designated
PB-I through PB-4 in table 3 and the 4 snow sam-
ples were analyzed for 36CI at the AMS facility at
the University of Rochester’s Nuclear Structure
Research Laboratory, New York. The AMS facil-
ity at the University of Rochester was of sim ilar
configuration as the facility at Purdue University.
As part of the QA/QC for this project, several
water samples were measured for 36C1/Cl ratios at

both PRIME Laboratory and the Nuclear Struc-
ture Research Laboratory. There was statistical
agreement between the results from the two labo-
ratories on blind duplicate samples and on dupli-
cates of the same sample analyzed several months
apart (Beasley and others, 1993, table 1).

For AMS target preparation, samples were
acidified to pH 2 using ultrapure nitric acid. Ch!o-
ride concentrations in the melted snow and gla-
cial-ice and -runoff samples were small (0.07 to
0.95 mg/L); therefore, 0.8 to 24 mg (as chloride)
of 36C1-free chloride carrier were added to each
sample for the AMS target preparation (tables 1
and 2). Chloride then was precipitated from the
acidified samples as AgCl by the addition of 15
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mL of 0.1 molar (M) ultrapure silver nitrate. The
precipitate was filtered using a Millipore 250-mL
filtering system with 0.45-pm cellulose nitrate ill-
ters. Afler filtration, the AgCl precipitate was

washed several times with dilute ultrapure nitric
acid. A few drops of ultrapure silver nitrate were
added to an aliquot of the filtrate to test for any
unprecipitated chloride. The AgCl was dissolved
by the addition of 10 to 20 mL of 4 M ultrapure
sodium hydroxide to the filter cup. Several rinses
with sodium hydroxide ensured that all of the
chloride was transferred to the test tube.

To remove sulfate ions (SOJ’) from the AgCl
precipitate, an ukrapure barium nitrate (Ba(NOJJ
solution was prepared by adding 100 mL of 1 M
ultrapure nitric acid to an excess of ultrapure bar-
ium carbonate (approximately 25 g). A few drops
of the Ba(N03)2 solution then were added to
remove SOq= according to the following reaction:

Ba@JOJ2(aqueous) + SO~= (aqueous)

BaSOA (solid)+ 2 NO~(aqueous)

+

The sample was allowed to stand overnight to
ensure complete precipitation of the barium sul-
fate (BaS04). The sample was gravity filtered, the

precipitate was washed and discarded, and the
sample was acidified to pH 1 by the addition of
concentrated ultrapure nitric acid. This resulted in
the reprecipitation of AgCl that was isolated by
centrifugation. After three washing and recentrifu-
gation steps, the final product was dried overnight
in an oven at 90°C. The prepared samples were
stored in amber glass vials to prevent photodecom-
position of the AgC1.

METEORIC INPUT

The most direct method to determine meteoric
input of 36CI is the long-term monitoring of con-
centrations in wet and dry precipitation. However,
several problems must be dealt with before the
assumption can be made that these concentrations
are representative of initial meteoric water. For
arid regions such as the INEEL, precipitation
events are infrequent and an accurate assessment
of meteoric concentrations may take several years
of measurements. Additionally, seasonal trends in

36CI deposition do exist (Hainsworth and others,
1994) and maximum recharge to the local ground
water may not correspond in time to periods of
maximum precipitation and runoff. Because of
these difficulties, regional meteoric inputs of 36CI
to the hydrogeologic environment at and near the
INEEL were estimated by analyzing ground- and
surface-water samples collected during 1969–94,
and snow and glacial-ice and -runoff samples.

Bentley and others (1986) calculated pre-weap-
ons tests 36CI /C1 ratios in meteoric wet and dry
precipitation for the continental United States
(fig. 4). These calculations were for cosmogeni-
tally-produced 36C1and stable chloride (Cl-), prin-
cipally from transport of sea salts. The pre-
weapons tests 36C1/Cl ratios at the latitude of the
INEEL average about 450x 10-’5and represent the
integrated ratios expected in uncontaminated
ground water. For comparison, Cecil and others
(1992) reported pre-weapons tests 36C1/Cl ratios of
about 320 x 10-15for soil in the unsaturated zone
near the RWMC at the INEEL. These ratios can-
not be changed by evapotranspiration or the addi-
tion of chlorine-free water (fig. 5). However, as
shown in figure 5, the absolute concentration of
36C1can change by these processes. It is assumed

that these processes affect the stable isotopes of
chlorine in the same way so that even though the
absolute concentration of 36C1can change, the
meteoric ratio of 36C1/Cl cannot. The 36C1/Cl ratios
in the glacial-runoff sample, the 2 snow samples
and the ground-water samples not affected by
INEEL waste disposal, and the 2 spring samples
were less than 320 x 10-’5 (table 1). For compari-
son, the 36C1/Cl ratios in the ground-water sam-
ples from a well (USGS 77) at the INEEL affected
by waste disposal ranged from 6, 1SO*9O x 10-15,
to 10, 400*500 x 10-’5, or more than WO orders of
magnitude larger than the meteoric ratios.

Using the ambient Cl- concentration for ground
water from the eastern Snake River Plain aquifer
of 6 to 10 mg/L (Robertson and others, 1974) and
the average pre-weapons-tests 36CI/C1 ratio of 450
x 10-15, the concentration of 36C1in water should

range from 4.6 to 7.6 x 107 atoms/L. This com-
pares to ranges of measured pre-weapons tests 36C1
concentrations of 1.2 to 5.2 x 106 atoms/L for the

Upper Fremont Glacier ice core and 4.0 to 6.0 x
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1998).
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106 atoms/L for ground water not affected by
INEEL disposal practices (Site 14). This suggests
an anthropogenic or in situ component in the
ambient Cl- concentrations reported by Robertson
and others (1974). Processes that could effect these
concentrations are evapotranspiration and the addi-
tion of chlorine-flee -water: Evapotranspiration is a
significant process at and near the INEEL, a
semi-arid high-plains desert environment. Exten-
sive and long-term irrigation return flow also will
affect the absolute concentrations.

The long-term (1980-99) precipitation-
weighted average Cl- concentration at the National
Atmospheric Deposition Program (NADP) station
at Craters of the Moon National Monument (fig. 2)
near the INEEL is 0.19 mg/L. Using this average
chloride concentration and an average pre-weap-
ons tests 36CI /C1 ratio of approximately
450 x 10-15, the 36CI concentration in precipitation
at the INEEL and vicinity should average about
1.5 x 106 atoms/L, a value similar to concentra-
tions measured in ground water unaffected by
waste disposal (Site 14, table 1). Table 1 lists the
concentrations of 36CI in glacial runoff and snow
at nearly the same latitude as the INEEL. These
concentrations range from 3.2*0.5 x 106 to 6.3*0.9
x 106 atoms/L again in good agreement with the
concentration calculated using the long-term aver-
age NADP data for Cl-in precipitation, 1.5 x 106
atoms/L. Concentrations in the 2 snow samples
collected at the INEEL during active calcining
(conversion of liquid high-level waste into a gran-
ular solid) in 1991, INEEL #1 and INEEL #2
(table 1), were 14+0.4 x 108 and 170*34x 108
atoms/L respectively. These concentrations are
three to four orders of magnitude larger than the
concentrations measured in this study for the
water, snow, and glacial-ice and -runoff samples
unaffected by INEEL waste disposal.

For comparison, 18 surface-water samples from
six different sites were selected from the USGS
archive-sample library at the INEEL. These 18
samples were collected during the period 1969-94.
The 36C1concentration ranged from 0.2*0.02x 108
to 2.2* 0.05 x 108 atoms/L. In 1994-95, an addi-
tional 14 surface-water and 2 spring samples from
the eastern Snake River Plain were analyzed for
36C1 The 36C1concentrations in these samples

ranged from 0.014*0.001 x 108 to 6.2~0.7 x 108

atoms/L, a range similar to the range of concentra-

tions in the 18 archived samples. For compari-
son,36Cl concentrations in water from two
monitoring wells at the INEEL were as large as

0.06~0.003 x 108atoms/L for the well (site 14) not

affected by waste disposal and 19,000*914 x 108
atoms/L for the well (USGS 77) about 500 m
hydraulically downgradient from the INTEC.

This enrichment in 36CI concentrations in sur-

face water compared with the calculated and mea-

sured meteoric concentrations in precipitation is
probably a result of extensive evapotranspiration.

The only other mechanism shown in figure 5 that
could increase 36C1concentrations is subsurface
(in situ) production. Beasley and others (1993)

estimated that the contribution of 3 x 102 atoms/L

of 36CI to ground water from this mechanism
would produce 36CI/C1 ratios on the order of 10-18.

Recent work on possible in situ production from
all major rock types in the eastern Snake River
Plain aquifer support the conclusion that this
mechanism would not have a significant or even
measurable effect on 36C1atom concentrations
(Cecil and others, in press).

The largest 36C1/CI ratios from in situ produc-
tion, on the order of 4 x 10-14,correspond to the
largest 36C1concentrations in surface water listed
in table 1 and shown on figure 6. For example, the
36CI concentration in surface water from Beaver

Creek, 6.2+0.7 x 108 atoms/L, was the largest in
any of the surface water sites; the calculated in situ
ratios in rocks from this area range from 2.5 to

3.5 x 10-14(Cecil and others, in press). If all the
dissolved chloride in water had been derived from
the rocks in this area, this in situ source would
contribute at most, 5.9 x 106 atoms/L. However,
the water would have to be on the order of 1.5 mil-
lion years in age to have this 36CI concentration. It

is highly improbable that sufiace water would be
in contact with the rock matrix for a sufficient

amount of time to produce measurable 36C1con-
centrations from in situ production. In addition,
this concentration is two orders of magnitude less

than what has been measured in surface water in

this area. This concentration, 6.2+0.7 x 108

atoms/L, is probably a result of re-suspension of
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weapons-tests-produced 36C1and evapotranspira-

tion.

Excluding anthropogenic input of 36C1to the
hydrogeologic environmen~ the only enriching
mechanism is evapotranspiration. The 36C1/C1

ratios in the 32 surface-water samples colIected
during 1969-94 range from 277*1 8 x 10-15to

8,300*970 x 10-15(table 1), or more than an order
of magnitude. Excluding the 2 snow samples col-
lected during mixed-waste calcining at the INTEC

and the glacial-runoff and snow samples shown in
figure 6, all the surface-water concentrations are
scattered about the line representing 1.5 x 108

atoms/L, the mean concentration for the 32
surface-water samples. This distribution may be
representative of evaporative processes in these

surface-water samples. Evidence of evaporative
processes affecting deuterium and oxygen isotopic
ratios in surface water from the Snake River Plain
aquifer system also has been reported (Wood and
Low, 1988, p. D1 5). The 36C1concentrations
between 1 x 108 and 1 x 109 atoms/L on figure 6
may be indicative of re-suspension of weap-
ons-test fallout, airborne disposal of 36CI from the
INTEC, or evapotranspiration.

Another usefi.d geochemical selection criterion
for determining meteoric 36C1inputs is the
chloride/bromide (C1-/Br-) mass ratio (Davis and
others, 1998). For precipitation, this ratio is gener-
ally in the range of 80 to 160. Ratios in many
oil-field brines range fi-om 250 to 350, and ratios

in brines produced from the dissolution of bedded

salt and salt domes range from 1,500 to 15,000.

Exceptions include ratios in precipitation within a

few tens of kilometers from the coastline which

may approach 290, the ratio in seawater. For deter-

36CI concentrations, ratios inmining meteoric

excess of 200 indicate chloride sources other than

precipitation, therefore, these waters should be

avoided for determining meteoric inputs.

Water from several of the surface-water sites,

from Big Spring, and from the glacial-runoff sam-

ple were analyzed for chloride and bromide. Using

the criterion outlined above, the results for this

limited analysis of C1-/Br- mass ratios indicate that

only the water from Big Spring and from the

glacial-runoff sample is suitable for quantifying

meteoric 36C1inputs at and near the INEEL (table

4). The 36C1concentrations in water fi-om Big

Spring and the glacial-runoff sample are less than

1 x 107 atoms/L and represent meteoric inputs on

the eastern Snake River Plain. These results indi-

cate the addition of chloride from sources other

than meteoric to all the surface water samples. The

36C1/Cl ratios and concentrations given in table 1

and on figure 6 also indicate enrichment of chlo-

ride in these samples. Additional work is neces-

sary to establish the C1-/Br- mass ratios for the

glacial-ice samples. The bromide analyses listed

in table 4 have an associated uncertainty of 25 per-

cent assigned by the laboratory.

Table 4. Mass ratios of chloridelbromide for selected surface-water samples and a glacial-runoff sample. (See figs 1
and 3 for site locations; see text for explanation of uncertainties).
[mg/L, milligrams per Iitec CIVBf, chloridelbromide; SW, surface watec and GR, glacial runoffl

Chloride
Bromide

Site or sample identifier
Date of

content
content Cl-/Br-

sample
(m@)

(m@) Mass ratio
t 25 percent

Big Spring-SW 6-27-95 2.6?0.4 0.02k0.005 130

Big Lost River-SW 6-28-95 2.3?0.4 0.006*0.002 383

Birch Creek-SW 6-28-95 4.8fc0.5 0.007*0.002 686

CamasCreek-SW 6-28-95 2.5?0.4 0.006*0.002 417

LittleLost River-SW 6-28-95 23*9 0.044+0.011 523

GalenaCreekRock Glacier-GR 8-30-95 0.07%0.004 0.0015*0.0004 53
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WEAPONS-TESTS INPUT

The calculated 36C1concentrations in the sections
of the Upper Fremont Glacier ice core are of simi-
lar magnitude to those in Arctic and Antarctic ice
cores (Elmore and others, 1982; Synal and oth-
ers, 199 1). Concentrations of a few million atoms
per liter (water equivalent of ice) are typical val-
ues for pre- and post-weapons-tests 36C1concen-
trations (fig. 7). A direct comparison, however,
between the polar results and the mid-latitude
results should be made with caution because the
36C1flux depends on the precipitation rate which
can vary considerably from one geographic loca-
tion to another. Complex atmospheric dynamics
also may contribute to larger fallout of cos-
mogonic nuclides at mid-latitudes when compared
to polar regions because of stratospheric-tropo-
spheric air exchange mechanisms (Baltensperger
and others, 1993).

However, a more quantitative comparison
between mid-latitude results and modern 36CI dep-
osition over the continental United States can be
made with some confidence. Knies and others
(1994) reported an average 36CI concentration in
precipitation of 1.7 x 106 atoms/L, the volume-
weighted average from measurements of all signif-
icant precipitation events during April 1992 and
August 1993 in central Indiana. Similar 36C1con-
centrations in wet precipitation were reported by
Hainsworth and others (1 994) for the east coast of
the United States; the average for the period from
February 1991 to January 1993 was 1.7+0.2 x 106
atoms/L. These 36CI concentrations in precipita-
tion are similar to the 36CI concentrations mea-
sured in the pre- and post-weapons-tests sections
of the Upper Fremont Glacier ice core;
1.2~0.2 x 106 to 5.2~0.4 x 106 atoms/L (table 2).

These concentrations are similar to concentrations
in the 2 snow samples collected near the INEEL in
1991 and the glacial-runoff sample from the

Galena Creek Rock Glacier collected in 1995. The
36C1concentration in the Harriman State Park
snow sample was 6.3*0.9 x 106 atomsk, the cal-
culated concentration in the Copper Basin snow
sample was 4.9+2.5 x 106 atoms/L, and the con-
centration in the Galena Creek Rock Glacier run-
off sample was 3.2~0.5 x 106 atoms/L (table 1).
The concentration of 36CI in the snow sample from

Copper Basin was used here for comparison pur-
poses even though this concentration, 4.9t2.5 x

106 atoms/L, has a 50 percent associated uncer-
tainty.

Mean wet-only precipitation fluxes of 36CI
determined in these studies were 6.79+0.47x 10-3
atoms/cm2sec (Knies and others, 1994),
3.86+0.54 x 10-3atoms/cm2sec (Hainsworth and
others, 1994), and 8.28+0.9 1 x 10-3atoms/cm2sec
for pre- and post-weapons-tests flux for ice from
the Upper Fremont Glacier. The wet-precipita-
tion-only flux determined in the central and the
western United States appears to be about a factor
of two larger than the flux for the eastern United
States at similar latitudes. The mean flux for the
Upper Fremont Glacier site was determined by
averaging the values in table 2 for samples col-
lected at depths less than 24.0 m and greater than
46.4 m in depth; this minimized the contribution of
fallout from nuclear-weapons tests in the
1950-60’s. The resulting mean flux was then
reduced by 30 percent to account for dry deposi-
tion of 36CI (Hainsworth and others, 1994). The
mean flux for the 2 snow samples collected near
the INEEL in 1991 was 7.5~0.2 x 10-3
atoms/cm2sec. Estimated flux for the glacial run-
off sample was 16*2 x 10-3 atoms/cm2sec. The
average precipitation rates used to calculate the
fluxes for the snow samples and the Galena Creek
Rock Glacier runoff sample were: (1) 58 cm/year
for Harriman State Park (L.L. Jones, Idaho Depart-
ment of Parks and Recreation, oral commun.,
1996); (2) 22 cm/year for INEEL # 1 and #2
(Clawson and others, 1989); (3) 18 cm/year for
Copper Basin (Steven M. Spencer, U.S. Forest
Service, written commun., 1996); and (4) 160
cm/year for Galena Creek Rock Glacier runoff
(estimated from data for the Upper Fremont Gla-
cier site, includes accumulation and ablation). The
precipitation rates used in calculated 36CI flux for
the 4 snow samples did not include evapotranspi-
ration. Therefore, these calculated fluxes should be
considered as maximum and may be reduced by as
much as 95 percent due to evapotranspiration
(Cecil and others, 1992).

In a detailed discussion of the pre- and
post-weapons tests 36CI concentrations in the
Upper Fremont Glacier ice core, more subtle

.
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effects such as dry deposition of 36C1,seasonal
effects, and thawing/freezing cycles of the upper
ice layer may play important roles. For instance,
the total wet and dry 36C1flux determined by
Hainsworth and others ( 1994), was
5.85+0.78 x 10-3atoms/cm2sec. Calculated 36CI
fluxes derived from the Upper Fremont Glacier ice
core are also of similar magnitude: 4.5f0.7 x 10-3
to 20*2 x 10-3 atoms/cm2sec (table 2). Hainsworth
and others (1994) showed that the dry deposition
of 36CI can account for about 30 percent of the
total input as inferred from a direct comparison of
analyses performed on samples collected in open
(for dry deposition) and wet-only collectors. Sig-
nificant seasonal effects on 36CI and other cos-
mogonic nuclide deposition were reported by
Knies and others (1 994). In addition, recurring
thawing/freezing events that result in downward
percolation of mehsvater in the ice core stratigra-
phy will obscure any seasonal or other cyclic event
represented in the ice. All these variables might
play a role in the fine structure of the resu!ts. How-
ever, these factors are of no immediate concern to
the proper interpretation of the results presented in
this report as evidenced by data discussed later and
by the results of related studies such as Naftz and
others (199 1).

Naftz and others (1991) reported on a recon-
naissance study to determine the relation among
concentrations of select chemical species dis-
solved in wet precipitation and concentrations of
the same species dissolved in annual ice layers
collected from the Knife Point Glacier in
Wyoming’s Wind River Range (fig. 1). Knife
Point Glacier is about 1 km southeast from the
Upper Fremont Glacier. Constituent concentra-
tions calculated fi-om annual-weighted means of
wet-deposition samples from the NADP station
near Pinedale (fig. 1) for the years 1982-87, were
compared with concentrations in the annual ice
layers (fig. 8). The chloride concentration in the
deposition samples and in the corresponding ice
layers showed a significant correlation coei%cient
of 0.98 indicating that for determining chloride
concentrations, some of the mid-latitude glaciers
from the Wind River Range may not be subject to
severe meltwater contamination. Additionally,
these data indicate that the annual ice layers may
provide a reliable long-term record of at least a

portion of the chemical composition of precipita-
tion.

However, as shown in figure 8, the dis-
solved-chloride concentrations in the annual ice
layers at Knife Point Glacier were consistently
larger than the concentrations calculated from
annual-weighted means of wet-deposition samples
from the NADP station near Pinedale. This is fur-
ther evidence that dry deposition of chloride may
affect the dissolved-chloride concentrations in pre-
cipitation and ice, as reported by Hainsworth and
others (1994).

Long-term records of accumulation and abla-
tion of snow, firn, and ice were not available for
the Upper Fremont Glacier ice-core location.
Therefore, accumulation and ablation were calcu-
lated according to the following method to esti-
mate a total average annual precipitation flux for
this site. An average annual accumulation flux of
80 g/cm~r was calculated using average core den-
sities reported by Naftz (1996, written communi-
cation) of 0.65 g/cm3 for the O- to 14-m-deep
section and 0.89 g/cm3 for the remaining core
down to the measured weapons-tests-produced 3H
peak at 29 m. An average annual accumulation
flux of 76 g/cm2yr was calculated using these
same densities down to the depth of the measured
36CI peak at about 32 m. This calculated average
annual accumulation flux was in good agreement
with the flux determined from the 3H peak.

Additionally, to account for all 36CI deposited
at this high-altitude mid-latitude site, ablation of
snow, fire, and ice also was considered in the total
average annual precipitation flux for this study.
Naftz and others (1996) reported an average abla-
tion at five sites on the Upper Fremont Glacier of
93 cm/yr during 1990-1991. This ablation rate is
similar to the average ablation of 88 cm/year
(Marston and others, 1991) on the Dinwoody
Glacier during 1958-83. Dinwoody Glacier is
approximately 5 km north of the Upper Fremont
Glacier and is at the same altitude.

Using the 88 cm/yr average annual ablation
rate and an assumed density for ablated snow, firn,
and ice of 0.5 g/cm3, the average annual precipita-
tion flux lost was estimated at 44 g/cm\r. The
accumulated precipitation flux calculated from the
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Figure 8. Comparison of dissolved-chloride concentration in annual ice layers with the annual-weighted
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Wyoming (modified from Naftz and others, 1991).

23

..— . .. . . . ..,. . . . . ~~r --.,.,.———— -- .,;



36C1weapons-tests peak at 32 m depth was
76 g/cm2yr. Considering accumulation and abla-
tion, the combined average annual precipitation
flux for the Upper Fremont Glacier ice-core loca-
tion was approximately 120 g/cm~r.

This estimated average annual precipitation
flux and the measured 36C1concentrations in
atoms/g of ice (table 2) were used to calculate 36CI
fluxes. These 36CI fluxes area first approximation
only and are based on the estimated precipitation
flux as described above. Estimated fluxes for the
10 sections of ice between 29.8 and 35.3 m in
depth range from 9.0+0.2 x 10-2 to 2.9*0. I x 10-1
atoms/cm%ec (table 2). These fluxes are up to two
orders of magnitude larger than the mean global
natural-production flux for 36CI (1.1 x 10-3
atoms/cm2sec; Lal and Peters, 1967) and com-
pared well with the weapons-tests flux reported by
Elmore and others ( 1982) of 5 x 10-*atoms/cm2sec
for the Dye 3 ice core from Greenland, deposited
during the same period of time as the Upper Fre-
mont Glacier ice. The continuous section of ice
core between 29.8 and 35.3 m represents the mini-

36C1produced by nuclear-weapons tests inmum
the 1950-60’s deposited at this site for reasons
described earlier.

Sections of ice selected to represent pre-weap-
ons-tests 36CI flux were centered at depths of
105.1 m and 105.9 m; the estimated fluxes were
4.5f0.7 x 10-3 and 2. Of O.2 x 10-2 atoms/cm2sec,
respectively. It is not understood at this time why
the calculated flux of the section of ice centered at
a depth of 105.9 m was nearly five times larger
than the reported mean global average. The sec-
tion of ice centered at 20.5 m had a calculated 36CI
flux of 1. 1*0.2 x 10-2 atoms/cm2sec and is repre-
sentative of post-weapons-tests fluxes. The sec-
tions of ice between 39.6 and 46.4 m had a range
of calculated 36CI fluxes from 3 .9f0.5 x 10-2 to
5.3*o. I x 10-2 atoms/cm2sec and most likely had a

component of weapons-tests-produced 36CI. Addi-
tionally, the 2 sections of ice centered at 24.25 and
24.75 m had calculated 36C1fluxes of
6.3&0.3 x 10-2 and 5,4~0.2 x 10-2 atoms/cm2sec

respectively; these fluxes also probably had a com-
ponent of weapons-tests-produced 36C1.

In terms of concentrations in water equivalent,
the largest value for weapons-tests-produced 36C1

identified in the Upper Fremont Glacier ice core
was 7.7+0.2 x 107 atoms/L (table 2 and fig. 7).
This concentration is more than an order of magni-
tude larger than the meteoric concentration in
water from Big Spring ( 1.4*O. 1 x 106 atoms/L),
Galena Creek Rock Glacier (3.2+0.5 x 106
atoms/L), the snow samples at Harriman State
Park and Copper Basin (6.3+0.9 x 106 and 4.9+2.5
x 106 atoms/L, respectively), and the calculated
long- term average concentration in precipitation
at the Craters of the Moon NADP station (1.5 x
106 atoms/L). This concentration is about 1.5 to
2.5 orders of magnitude smaller than the concen-
trations in the 2 snow samples (INEEL # 1, #2;
table 1) collected during calcining operations at
the INEEL and is nearly six orders of magnitude
smaller than the concentrations in ground water
from USGS 77 near the INTEC (table 1). All con-
centrations of 36CI in ice samples processed from
the Upper Fremont Glacier plot below the 1 x 108
atoms/L line in figure 6. The results of the 36C1
analyses from the ground- and surface-water,
snow, and glacial-ice and -runoff samples suggest
that only concentrations larger than 1 x 109
atoms/L measured in the environment at the
INEEL can be attributed to waste disposal at the
site. Additionally, concentrations in water, snow,
or glacial ice between 1 x 107 and 1 x 108 atoms/L
may be indicative of a weapons-tests component
from peak 36CI production in the late 1950s.

SUMMARY AND CONCLUSIONS

To facilitate the use of chlorine-36 (36C1)as a
hydrogeologic tracer at the INEEL, measurements
were made on 64 water, snow, and glacial-ice and
-runoff samples to determine the meteoric- and
weapons-tests-produced concentrations and fluxes
of 36C1at mid-latitudes in North America. This
information was used to estimate meteoric- and
weapons-tests contributions of this nuclide to envi-
ronmental inventories at and near the IN EEL. ,

Eighteen surface-water samples from six sites
were selected from the USGS archive-sample
library at the INEEL for 36CI analyses. These 18
samples had been collected during the period
1969–94. The 36CI concentrations for the archived
surface-water samples ranged from 0.2*0.02 x 108

to 2.2+0.05 x 108 atoms/L. In 1994-95, an addi-
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tional 14 surface-water and 2 spring samples from
the eastern Snake River Plain were collected and
analyzed for 36C1.The 36C1concentrations ranged
from 0.014*0.001 x 108 to 6.2+0.7 x 108 atoms/L,
a range similar to that of concentrations in the 18

archived samples. For comparison,36Cl concentra-
tions in water from two monitoring wells at the
INEEL were as large as 0.06*0.003 x 108 atoms/L
for the well (site 14) not affected by waste dis-
posal and 19,000*914 x 108 atoms/L for the well
(USGS 77) about 500 m hydraulically downgradi-
ent from the INTEC.

To aid in establishing meteoric concentrations,
4 snow samples were collected in 1991 at and near
the INEEL. The 36C1concentrations in the snow
samples ranged nearly four orders of magnitude,
from 6.3*0.9 x 106 to 1.7+0.3 x 1010atoms/L. The
estimated 36C1flux for the sample collected in
Harriman State Park, 150 km northeast of the
INEEL, was 1.2*0.2 x 10-2 atoms/cm2sec. The
estimated 36CI flux for the sample collected in
Copper Basin, 75 km west of the INEEL, was 3&2.
x 10-3 atoms/cm2sec. For comparison, 2 snow
samples were collected at the INEEL downwind
from the INTEC during calcining operations. The
estimated 36C1flux for the sample collected 11 km
southwest of the effluent stack at the INTEC was
1.O~O.03 atoms/cm2sec and for the sample 1.5 km

downwind, the flux was 12.0+2.4 atoms/cm2sec.

A 160-m ice core was collected in 1991 from
the Upper Fremont Glacier in the Wind River
Mountain Range of Wyoming in the western
United States. In 1994-95, ice from this core was
processed at the National Ice Core Laboratory in
Denver, Colorado, and analyzed for 36CI. The peak
36C1concentration in ice deposited as snow during
atmospheric weapons tests was 7.7*0.2 x 107
atoms/L at a depth of about 32 m below the gla-
cial surface. Estimated flux for 36CI in ice depos-
ited in the 1950’s during peak weapons-tests
production ranged from 9.0*0.2 x 10-2
atoms/cm2sec for a sample from a depth of 34.2 to
34.8 m to 2.9*O. 1 x 10-1 atoms/cm2sec for a sam-
ple from a depth of31.5 to 32.0 m.

Ice samples from depths of 19.6 to 25.0 m, 39.6
to 46.4 m, and 104.7 to 106.3 m were selected to
represent pre- and post-weapons tests 36C1concen-
trations and fluxes. The concentrations in the pre-
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and post-weapons sections of glacial ice and run-
off were less than 2 x 107 atoms/L. The estimated
fluxes for 36CI in these cores ranged from 4.5f0.7
x 10-3 atoms/cm2sec to 6.3~0.3 x 10-2

atoms/cm2sec. For comparison, a flux of 1.6+0.2 x

10-2was estimated for a glacial-runoff sample col-
lected in 1995 at Galena Creek Rock Glacier, 180
km north of the Upper Fremont Glacier.

A mean global-natural-production flux for 36C1
of 1.1 x 10-3 atoms/cm2sec was reported. This flux
is similar to the calculated flux for the section of
ice centered at 105.1 m of depth that was selected
to be representative of pre-weapons-tests 36C1.It is
not understood at this time why the calculated flux
of the ice section centered at 105.9 m of depth was
nearly five times larger than the reported mean
global average. The largest calculated flux from
this study was for the section of ice centered at
31.8 m of depth; 2.9+0.1 x 10-1 atoms/cm2sec.
This flux is two orders of magnitude larger than
the mean global-natural-production flux and is
similar to the reported weapons flux of 5 x 10-’
atoms/cm2sec for the Dye 3 ice core from Green-
land, deposited during the same period of time as
the Upper Fremont Glacier ice.

For the first time, 36C1concentrations and

fluxes from weapons-tests production have been
identified and estimated for a mid-latitude North
American ice core. Only a portion of the weap-
ons-tests-produced 36C1peak has been identified in
ice fi-om the Upper Fremont Glacier in Wyoming’s
Wind River Range. The measured 36CI concentra-
tions in the ice core from the Upper Fremont Gla-
cier complement the measured 3H concentrations,
and are similar to the results of weapons-tests-
produced 36CI in polar ice and ice in Greenland. It
may now be possible to fully quanti& the concen-
trations and fluxes of 36C1from nuclear-weapons
tests archived in mid-latitude glacial ice and to
gain a better understanding of the distribution at
mid-latitude of 36CI and other cosmogonic
nuclides. The data presented in this report suggest
a meteoric source of 36C1for environmental sam-
ples collected in southeastern Idaho and western
Wyoming if the concentration is less than 1 x 107
atoms/L. Additionally, concentrations in water,
snow, or glacial ice between 1 x 107 and 1 x 108

atoms/L may be indicative of a weapons-tests
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component from peak 36C1production in the late
1950s. Chlorine-36 concentrations between I x
108 and 1 x 109 atoms/L maybe representative of
re-suspension of weapons-tests fallout, airborne
disposal of 36CI from the INTEC, or evapo- tran-
spiration. It was concluded from the ground- and
surface-water, snow, glacial-ice and -runoff data
presented here that only concentrations larger than

1 x 109 atoms/L measured in the environment at
the INEEL can be attributed to waste disposal at
the site.
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