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CONVERSION FACTORS AND OTHER ABBREVIATED UNITS

Multiply By To obtain
centimeter per year (cm/yr) 0.394 inch per year
cubic centimeter (cm?) 0.061 cubic inch
gram (g) 0.035 ounce
gram per cubic centimeter (g/em?) 0.578 ounce per cubic inch
gram per liter (g/L) 0.133 ounce per gallon
meter (m) 3.281 foot
meter per kilometer (m/km) 5.28 foot per mile
kilogram (kg) 2.204 pound
liter (L) 0.264 gallon
square centimeter per gram (cmz/ 2) 4.394 square inch per ounce
square centimeter per second (cm’/s) 0.155 square inch per second
square kilometer (km?) 0.386 square mile
square meter per day (m?/d) 10.76 square foot per day
degree Celsius (°C) [°C (9/5)+32] degree Fahrenheit (°F)

Other abbreviated units used in this report:

MeV (million electron volts)

mg/kg (milligrams per kilogram)

mg/L (milligrams per liter)

mL (milliliters)

(n/cm?)/s (neutrons per square centimeter per second)
(n/g)/yr (neutrons per gram of rock per year)
ppm (parts per million)

p-(proton)

n (neutron)

Y (gamma)

a (alpha particle)

o (sigma)

i (muon)

yr' (per year)
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ABSTRACT

In situ chlorine-36 (*°Cl) production resulting
from nuclear interactions between nonradioac-
tive (stable) nuclides and particles given off
during the radioactive transformation of ura-
nium (U) and thorium (Th) decay-series isotopes
was determined for 25 whole-rock samples col-
lected from 6 major water-bearing rock types in
the eastern Snake River Plain aquifer. The rock

types investigated were basalt, rhyolite, lime-. ...

stone, dolomite, shale, and quartzite. Calculated
ratios of **CI/Cl in these rocks, as a result of
neutron activation of stable chlorine-35, ranged
from 1.4x107"° (basalt) to 45x10°" (rhyolite).
The associated neutron production rates calcu-
lated for these rock types were 2.5 neutrons per
gram of rock per year [(n/g)/yr] for the basalt
and 29 (n/g)/yr for the rhyolite. The larger neu-
tron production rate for the rhyolite is due to the
larger U (11.5 parts per million, ppm) and Th
(22.2 ppm) concentration of the rhyolite; for
comparison, the U and Th concentrations of the
basalt were 0.8 and 2.23 ppm, respectively.

When the chloride (CI) concentration and
rock porosity are considered with the calculated
3CI/Cl ratios, the estimated maximum corrected
concentrations of **Cl in ground water associ-
ated with the 6 rock types analyzed in this study
ranged from 2.45x10° atoms per liter (atoms/L)
for ground water in the basalt to 7.68x10° at-
oms/L for ground water in the rhyolite. These
values are at least seven orders of magnitude
smaller than concentrations measured in ground

water at and near the Idaho National Engineer-
ing and Environmental Laboratory (INEEL). A
%C1 concentration of 154£0.1x10" atoms/L has
been reported for a ground-water sample col-
lected near the Idaho Nuclear Technology and
Engineering Center, a nuclear-waste processing
facility at the INEEL. Additionally, in situ
CI/CI ratios in ground water from rock with
average compositions from this study ranged
from 4.0x10™" to 33.3x10™"°. For comparison,
the range of **CI/Cl for 254 ground-water sam-

-ples collected from the Snake River Plain aqui-

fer at and near the INEEL was 31x10° to
2.9x10°.

Determining the contribution of in situ pro-
duction to **Cl inventories in ground water fa-
cilitated the identification of the source for this
radionuclide in environmental samples. On the
basis of calculations reported here, in situ pro-
duction of **Cl was determined to be insignifi-
cant compared to concentrations measured in
ground water near buried and injected nuclear
waste at the INEEL. Maximum estimated *°Cl
concentrations in ground water from in situ
production are on the same order of magnitude
as natural concentrations in meteoric water.

INTRODUCTION

Radioactive chlorine-36 (*°CI) is being
measured at extremely small environmental
concentrations at and near the Idaho National
Engineering and Environmental Laboratory
(INEEL) to define the leading edge of a con-




taminant plume that has developed in ground
water near this U.S. Department of Energy
(DOE) site in southeastern Idaho (fig. 1). The
U.S. Geological Survey (USGS), in cooperation
with the DOE, has been investigating the hydro-
logic conditions of the eastern Snake River Plain
aquifer over time and space to describe the
transport and fate of several contaminants, in-
cluding tritium (H), iodine-129 (**’I), and **Cl.
To date, *°Cl has proven to be the preferred
isotope, compared with *H or '*I, for describing
maximum ground-water flow velocities and first
arrival of contaminants at observation wells
downgradient from sources at the INEEL (Cecil
and others, 1992, 1998, 1999).

To better describe the leading edge of the
contaminant plume and the transport and fate of
3%C1 in the environment at the INEEL, a more
complete understanding of the sources for *°Cl
is needed. There are four sources of **Cl in the
eastern Snake River Plain aquifer: (1) natural
production by cosmic-ray interaction with ar-
gon-40 (**Ar) and neutron activation of argon-36
(*°Ar) in the upper atmosphere followed by
transportation of the **Cl through the hydrologic
environment as meteoric concentrations in pre-
cipitation (Cecil and others, 1999); (2) produc-
tion by neutron activation of stable chlorine-35
(*°Cl) during nuclear-weapons tests of the 1950's
and 1960’s (Cecil and Vogt, 1997); (3) *Cl
released during nuclear-waste processing at the
INEEL (Cecil and others, 1992, 1998, 1999,
Beasley and others, 1993); and (4) natural in
situ production in the aquifer matrix at depth
due primarily to neutron activation of stable
3Cl. This report describes the contribution of in
situ production, in the aquifer matrix at depth, to
%Cl inventories measured in ground water.
Meteoric, weapons tests, and nuclear-waste

processing contributions to **Cl inventories in -

southeastern Idaho are described in other reports
(Cecil and others, 1992, 1998, 1999).

Purpose and Scope

The purpose of this report is to describe the
calculated contribution to ground water of natu-
ral, in situ produced *Cl in the eastern Snake -
River Plain aquifer and to compare these con-
centrations in ground water with measured con-
centrations near a nuclear facility in southeast-
ern Idaho. The scope focused on isotopic and
chemical analyses and associated *°Cl in situ
production calculations on 25 whole-rock sam-
ples from 6 major water-bearing rock types pre-
sent in the eastern Snake River Plain. The rock
types investigated were basalt, rhyolite, lime-
stone, dolomite, shale, and quartzite. The calcu-
lated contribution included the estimation of
neutron production rates based on the elemental
composition of the rock samples and the propor-
tion of the resultant neutrons that may be cap-
tured by chlorine atoms within the rock to pro-
duce **Cl.

Geohydrology of the Study Area

The eastern Snake River Plain (fig. 1) is a
structural downwarp (basin) filled predomi-
nantly with Quaternary basalt of the Snake
River Group that is generally within 3 m of the
land surface (Garabedian, 1992; Whitehead,
1992). This structural basin, defined by faulting
and downwarping on the southeast and faulting
on the northwest, was created by Cenozoic tec-
tonic stresses and is a zone of transition between
the Northern Rocky Mountains and Basin and
Range geologic provinces to the north and east
and the Basin and Range province to the south-
east. Unconsolidated sediments overlie the
basin margins and are interbedded with the ba-
salts and pyroclastics at depth. The basalts are
several hundred to as much as 1,500 m thick and
underlie most of the basin. Fractures and ve-
sicular zones near the surfaces of the basalt
flows 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 m’/day, a range of nearly six
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Figure 1. Location of the eastern Snake River Plain, the Idaho National Engineering and Environmental

Laboratory, and selected sampling sites.




orders of magnitude (Ackerman, 1991). Depth
to water at the INEEL varies in the basalt aqui-
fer from about 60 m below land surface in the
northern part to more than 275 m in the southern
part. The hydraulic gradient at the INEEL is
about 1 m/km, and horizontal linear ground-
water flow velocity ranges from 1 to 6 m/day.
This range is based on the distribution of **Cl
through time as determined from analyses of
archived samples (Cecil and others, in press).

Long-term (1950-88) average precipitation in
the vicinity of the INEEL is 22 cm/yr (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
evapotranspiration, less than 5 percent of the
long-term annual average precipitation infil-
trates the surface locally on the eastern Snake
River Plain (Cecil and others, 1992). As illus-
trated in the section in this report entitled
"Comparison of in situ produced chlorine-36
with concentrations in water”, evapotranspira-
tion can significantly affect meteoric **Cl con-
centrations measured in water from the eastern
Snake River Plain aquifer. 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 sur-
face water. The five watersheds that recharge
the upper Snake River Plain aquifer are the Big
Lost River, Little Lost River, Birch Creek,
Camas Creek/Mud Lake, and the main Snake
River drainage (fig. 1).

The INEEL comprises about 2,300 km? of
the eastern Snake River Plain in southeastern
Idaho. The INEEL was established in 1949 and
is used by the DOE to construct 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. Addi-
tionally, from 1952 to 1984, low-level radioac-
tive and chemical wastes were discharged into
the eastern 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 during
1952-93 at the Test Reactor Area (TRA, fig. 1),
these wastes also have been discharged to infil-
tration ponds. The wastewater discharged to
ponds at these two facilities must travel through
about 150 m of alluvium, sedimentary interbeds,
and basalt before reaching the aquifer.

In this report, the solid-phase (rock) samples
are designated SP, and their locations are shown
on figure 1. In addition, geochemistry of the SP
samples is described in tables 1, 2, and 3. The
basalt flows that compose most of the Snake
River Plain are in layers of only a few meters
thick and cover areas of tens to hundreds of
square kilometers. Samples SP-15, SP-16,
SP-18, SP-19, SP-20, SP-21, and SP-22 are rep-
resentative of younger basalts on the eastern
Snake River Plain (table 1). Large-scale basalt
flows, such as those in Oregon and Washington,
have not been found in the Snake River Plain.
The most recent volcanic eruptions on the Snake
River Plain were at the Craters of the Moon
National Monument (fig. 1) around 2,000 years
ago (Kuntz and others, 1988).

Volcanism produced relatively thick flows of
welded tuff, ash, and pumice that are exposed
within and near the margins of the basin and are
composed largely of rhyolite, latite, and ande-
site. The rhyolitic tuffs and rhyolite in this
group are represented by samples SP-5, SP-6,
SP-7, SP-8, SP-9, SP-10, SP-13, SP-17, and SP-
23 (table 1). Subsequent basalt volcanism over
the entire basin was limited predominately to
outpourings of pahoehoe lava (Nace and others,
1975). Some eruptions however, such as the
ones near Craters of the Moon, were violent
enough to create pyroclastic rocks and signifi-
cant deposits of cinders. None of these pyro-
clastic deposits are major aquifers in the basin.
Pre-Cretaceous sedimentary and metamorphic
rocks border the basin to the northwest and east
and are represented in this study by samples SP-
1, SP-2, SP-3, SP-4, SP-11, SP-12, SP-24, SP-
25, and SP-26 (tables 2 and 3). Of the 6 rock
types studied, basalt and rhyolite compose most
of the aquifer on the plain, and limestone and
dolomite, with minor shale, quartzite, and




medasediments, compose the recharge areas to
the north, west, and east.
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METHODS

Twenty-five rock samples were submitted to
the Idaho State University (ISU), Department of
Geology, Geochemical Laboratory for analysis
of elemental chemistry. The Geochemical
Laboratory prepared samples for analysis by
three separate analytical methods: inductively
coupled plasma-atomic emission spectrometry
(ICP-AES), instrumental neutron activation
analysis (INAA), and loss on ignition (LOI). In
addition, selected solid-phase samples were
submitted to the USGS Branch of Geochemistry
Laboratory to determine CI' concentration by
ion-selective electrode potentiometry (ISEP).
The data were received from the two laborato-
ries and were processed into the form needed to
make in situ production calculations for **Cl
The processed data needed for the calculations
are presented in tables 1, 2, and 3.

Field Methods

For the in situ **Cl production calculations, it
was assumed that the dominant mechanism of
production was neutron activation of stable *’Cl.
At depths greater than about 10 m in most rocks,
this assumption holds (Gifford and others, 1985,
p. 418; Fabryka-Martin, 1988, tables h-3a
through h-3h). Although some of the whole-
rock samples collected for this study were from
the upper 2 to 5 m of the rock formation at land
surface and may have undergone some changes
as a result of weathering, the chemical data pre-

sented in tables 1, 2, and 3 are assumed to be

representative of the entire depth of the rock

type, both temporally dand spatially. For basalt
and rhyolite samples SP-15 through SP-21 (table
1), the depth of collection was greater than 50 m
in all cases; these samples were extracted from
rock cores housed in the USGS Lithologic Core
Library at the INEEL. All whole-rock samples
were collected from fresh exposures or cores
using standard methods and powderless gloves
to minimize contamination.

Analytical Methods

Sample processing for each of these analyti-
cal methods began with the preparation of a
homogeneous powdered sample. Each pow-
dered sample subsequently underwent process-
ing according to the specific analytical method
to be applied. Additionally, rock samples sent
to the ISU Geochemical Laboratory for analyses
were further processed to insure that unweath-
ered samples were used for all analyses.

Inductively coupled plasma-atomic
emission spectroscopy (ICP-AES)

For analyses by ICP-AES, the sample must
be prepared as a solution (Lichte and others,
1987). There are a variety of methods to pre-
pare the solution and each method has advan-
tages that are related to sample composition.
Sequential acid dissolution using hydrofluoric
acid (HF), aqua regia, perchloric acid (HCIO,),
and nitric acid (HNQOs) is one procedure that has
the disadvantage that silicon and boron are lost
because of their volatility as fluorides. Several
trace minerals, including chromite, are not com-
pletely dissolved by this procedure. Because of
the silicic composition of volcanic rocks in the
Snake River Plain, a fusion method of preparing
sample solutions was used by the ISU laboratory
as opposed to the sequential acid dissolution
method.

The fusion method uses a flux to convert the
sample to a glass bead, which subsequently is
dissolved in dilute HNO; to prepare a solution
for analysis. The specific procedure used by the
ISU Geochemical Laboratory involved mixing
0.1 g of powdered sample and 0.3 g of lithium
metaborate in a graphite crucible and heating in
a furnace for 20 minutes at 1,050 °C. The con-




tents of the crucible were poured immediately
into 75 mL of 3.5-percent HNO; in a 250-mL
beaker and stirred on a magnetic stirrer for 5
minutes or until the sample was clear. The con-
tents of the beaker then were transferred to a
100-mL volumetric flask, and more dilute HNO;
was added to bring the volume to 100 mL. The
flask was capped and gently shaken to thor-
oughly mix the contents. A sample bottle was
pretreated by rinsing with 5 mL of the sample
solution that then was discarded. The pretreated
sample bottle then was filled with 50 mL of the
sample solution and was ready for analysis by
ICP-AES. The ISU laboratory reported weight
percent values for oxides of the following ele-
ments: silicon, titanium, aluminum, manganese,
magnesium, calcium, potassium, and phospho-
rus. Using this method, the laboratory also de-
termined strontium, zirconium, and yttrium con-
centrations in units of parts per million (ppm) by
weight.

Instrumental neutron activation analysis
(INAA)

For analyses by INAA, a precisely known
amount of powdered sample must be prepared to
undergo irradiation without the loss of sample
(Baedecker and McKown, 1987). The labora-
tory placed 1 g or less, weighed to the nearest
milligram, into a 0.4-dram, reactor-safe, labora-
tory-grade polyvial, which then was heat sealed.
The 0.4-dram polyvial then was heat sealed into
a 2-dram, reactor-safe, laboratory-grade poly-
vial. Preparation for neutron activation then
was complete. For calibration purposes, three
reference standards were included with the sam-
ples: USGS rock standards BCR-1 and BHVO-1
and the National Institute of Science and Tech-
nology (NIST) traceable coal fly ash standard
reference material (SRM) 1633-A.

The prepared standards and samples were
sent to the Oregon State University (OSU) Ra-
diation Center for neutron activation in the
TRIGA Reactor. Neutron activation lasted 2
hours under a neutron flux of 3x10" (n/cm?ys.
Once activated, the standards and samples were
returned to ISU for analysis. Upon arrival at the
laboratory, the inner 0.4-dram polyvials were

transferred into new 2-dram polyvials for
gamma counting,

Activation analysis is based on measurement
of activity from radioactive nuclides produced
by nuclear reactions on naturally occurring iso-
topes of the sample elements during the activa-
tion process. Gamma-ray spectroscopy at the
ISU Geochemical Laboratory employed semi-
conductor detectors (high-purity germanium
diodes) for gamma counting. These devices
converted a gamma-ray signal from the irradi-
ated samples to electronic pulses that could be
sorted and processed by a multichannel analyzer
and supporting electronics. The resulting spec-
tra then were processed by computer software
and the results were recorded. All standards and
samples were counted three separate times in a
sequence that optimized peak-to-background
ratios for short-, intermediate-, and long-lived
radionuclides, respectively. The first counts
were for determining the short-lived radionu-
clides of sodium, samarium, lanthanum, and
uranium (U), and took place about 5 days after
irradiation. The count periods were between
2,000 and 4,000 seconds. The next counts were
for the intermediate-lived radionuclides of bar-
ium, rubidium, neodymium, ytterbium, and lute-
tium, and took place about 10 to 20 days after
irradiation. The count periods were 8,000 to
10,000 seconds. The final counts were for the
long-lived radionuclides of iron, scandium,
chromium, nickel, cobalt, cesium, cerium, euro-
pium, terbium, thorium (Th), hafnium, and tan-
talum, and took place about 30 to 40 days after
irradiation. The count periods were 20,000 to
40,000 seconds. Results were reported in ppm
by weight, except for sodium and iron, which
were reported as oxides of the elements in
weight percent.

Loss on ignition (LOI)

For analysis by LOI at the ISU Geochemical
Laboratory, precisely 2 g of powdered sample
weighed to within 0.0005 gram were placed in a
clean ceramic crucible. The weight of the cru-
cible and powder was determined and recorded.
The open crucibles were heated overnight (or
for about 12 hours) at 90°C. The crucibles were
removed to a desiccator, cooled for 2 to 3 min-




utes and reweighed. These raw weights were

recorded and subtracted from the weights of the

unheated crucibles and powdered sample. The
difference represented the weight of volatile
components that are not actually part of the
sample. The samples were returned to a desic-
cator and a muffle furnace was heated to 950°C.
When the muffle furnace reached this tempera-
ture, lids were placed on the crucibles and they
were heated for 1 hour. The crucibles were
cooled 2 minutes, then the lids were removed
and the crucibles were allowed to continue cool-
ing in the desiccator until they reached room
‘temperature (about 5 to 7 minutes). After cool-
ing, the weights of the crucibles were deter-
mined and subtracted from the raw weight of the
crucible and sample determined previously. The
weight difference in grams represented the LOI
component of the sample. The difference was
divided by the original sample weight (2+0.0005
g) and multiplied by 100. This value was re-
ported along with the elemental oxides as LOl in
weight percent.

lon-selective electrode potentiometry
(ISEP) .

For analysis of CI" by ISEP, 200 mg of pow-
dered sample were weighed and placed into a
confined area of the outer compartment of a
Conway diffusion cell constructed of Teflon
(Aruscavage, 1990). Oxidizing and reducing
solutions were prepared. The reducing solution
was made of 22.6 g of potassium hydroxide
(KOH) dissolved in 140 mL of deionized water
(H,O) and 1.12 g of anhydrous sodium sulfite
(Na,S0;). A 2.5-mL aliquot of reducing solu-
tion was pipetted into the inner compartment of
the Conway diffusion cell. The oxidizing solu-
tion was made of 160 mL of HF added to a solu-
tion that contained 2.6 g of potassium perman-
ganate (KMnQO,) dissolved in 50 mL of 15-
percent sulfuric acid (H,SO,). A 3-mL aliquot
of the oxidizing solution was added to the outer
compartment of the Conway diffusion cell and
digested the powdered sample by mixing over-
night on an oscillating platform. The evolved
chlorine was converted to CI” by the reducing

solution contained in the inner compartment of

the Conway diffusion cell. Finally, the CI" con-

centration was measuréd by ISEP. The applica-
ble concentration range for CI" by this method
was 0.01 to 2.00 percent by weight, or 100 to
20,000 ppm by weight.

Data Processing

The methods used to determine the maxi-
mum in situ produced atom concentrations for
*Cl in ground water have been documented in
reports by Fabryka-Martin (1988) and Andrews
and others (1989) and are discussed in the sec-
tion titled “/n situ production of chlorine-36.”
Geochemical data for the rock samples gener-
ated by contract laboratories and used in this
report were converted for use in the necessary in
situ production calculations using the ion-
specific methods described in the following
sections.

Chloride

Results generated by the USGS Branch of
Geochemistry were reported as percent by
weight CI” with a reporting level of 0.01 percent.
These numbers were converted directly to ppm
by weight using the following equation:

(weight percent C1/100)x1,000,000 g =
ppm by weight CI". n

For example,

(0.04 weight percent C17100)x1,000,000 g = 400 ppm CI".

Fourteen solid-phase samples were selected
for determination of CI" concentration. For the
11 of 14 CI results that were larger than the
laboratory reporting level, the converted results
were used directly in tables 1, 2, and 3. The CI'
concentrations for the three samples that were
determined to be less than the laboratory report-
ing level and for the samples that were not ana-
lyzed for CI' (marked with an asterisk in tables
1, 2, and 3) were taken from a report by Parker
(1967, table 19, p. D13-D14).

Gadolinium

Gadolinium has the largest neutron absorp-
tion cross section (49,000 barns/atom, table 4)
of all major and trace elements used in the in
situ calculations. Therefore, the determination




of gadolinium in the rocks of the eastern Snake
River Plain was essential for determining the
total cross section of the rock for thermal neu-
tron absorption.

The ISU Geochemical Laboratory reported
concentrations of samarium and terbium directly
in ppm; however, the laboratory did not deter-
mine gadolinium. Because gadolinium concen-
trations were needed to calculate in situ produc-
tion of **Cl, and because the relation between
concentrations of samarium, terbium, and gado-
lintum in chondritic meteorites and terrestrial
materials is systematic, the relation between
these three elements in chondritic meteorites
and the measured concentrations of samarium
and terbium in the samples were used to esti-
mate gadolinium concentrations by interpola-
tion. The gadolinium concentrations were cal-
culated by normalizing measured concentrations
of samarium and terbium to their nonvolatile
mass concentrations in carbonaceous chondritic
meteorites (designated the Cl-chondrite) using
values tabulated by Anders and Ebihara (1982,
table 1). The values from Anders and Ebihara
first were converted to nonvolatile mass concen-
trations by subtracting volatile elements from
the total, then renormalizing to 100 percent.
This process yielded appropriate values to
which terrestrial samples were normalized using
the following equations (Scott Hughes, ISU,
written commun., 1999):

(Sm-N) = (Sm)/0.197, and 2)

{Tb-N) = (Tb)/0.047, 3)

where

(Sm-N) = Cl-chondrite normalized concentration of
samarium;

(Sm) _ = measured concentration of samarium, in
ppm;

0.197 = Cl-chondrite total mass for samarium
converted to nonvolatile mass, in ppm;

(Tb-N) = (l-chondrite normalized concentration of
terbium;

(Th) = measured concentration of terbium, in ppm;
and

0.047 = Cl-chondrite total mass for terbium

converted to nonvolatile mass, in ppm.

The normalized concentrations of samarium
and terbium then were used to calculate the
normalized concentration of gadolinium:

(Gd-N) = 10lloB(SmN) + 2log (To-N)}3. )

where

(Gd-N) = Cl-chondrite normalized concentration of
gadolinium.

Finally, the normalized gadolinium concen-
trations were converted to the estimated
gadolinium concentrations shown in tables 1-3
using the following equation:

(Gd) = 0.26(Gd-N), )

where

(Gd) = calculated concentration of gadolinium, in
ppm; and

0.26 = Cl-chondrite total mass for gadolinium '

converted to nonvolatile mass, in ppm.

The estimated gadolinium concentrations
were evaluated by applying this method to an
independent data set that contained measured
concentrations of samarium, terbium, and gado-
linium in 56 basalt samples from the eastern
Snake River Plain (Knobel and others, 1995).
The measured samarium and terbium concentra-
tions were used to estimate gadolinium concen-
trations by means of equations 2 through 5. The
estimated gadolinium concentrations were indi-
vidually compared to the measured gadolinium
concentrations to determine the percent differ-
ences of the estimated concentration relative to
the measured concentration for all 56 samples.
All 56 estimated gadolinium concentrations
were within 25 percent of the measured concen-
trations: 51 were within 15 percent, and 47 were
within 10 percent.

Mean concentrations of the measured and es-
timated data sets were calculated along with the
estimated uncertainties of the mean concentra-
tions. The mean and the associated uncertainty
for the mean of the measured gadolinium data
set was 7.7+1.8 ppm and 7.3+1.7 ppm for the
estimated gadolinium data set (table 5). The
good agreement between the means of the two
data sets suggests that gadolinium concentra-




tions estimated using equations 2 through 5 are
reasonable approximations of the true measured
concentrations.

Another means of testing the acceptability of
the estimated gadolinium concentrations is to
plot the laboratory-measured results with the
estimated gadolinium concentrations. If equa-
tions 2 through 5 produce exact estimates of the
measured gadolinium concentrations, a straight
line with a slope of 1 and a y-intercept of 0
should result. The data are plotted on figure 2
and a linear regression analysis gives a straight
line with a slope of 0.87 and a y-intercept of
0.59. The correlation coefficient is 0.91, which
suggests an acceptable match between . the
measured and estimated gadolinium concentra-
tions. These comparisons suggest that equations
2 through 5 provide acceptable estimates of
gadolinium concentrations in rocks from the
eastern Snake River Plain aquifer system.

Lithium, beryllium, boron, carbon, and
fluorine

The ISU Geochemical Laboratory did not
measure the concentrations of these light ele-
ments in the samples as listed in tables 1, 2, and
3. Because these elements were needed for the
calculation of in situ **Cl production, concentra-
tions equivalent to average concentrations in the
appropriate sample rock type were included in
this analysis. These concentrations were taken
from Parker's study (1967, table 19, p. D13-
D14) and were marked with asterisks in tables 1,
2, and 3. Carbon (C) concentrations in tables 1,
2, and 3 not marked with an asterisk were calcu-
lated using other methods. Those methods will
be discussed in the sections entitled “Carbonate
sedimentary rocks” and "Noncarbonate sedi-
mentary and metamorphic rocks.”

Boron has the largest absorption cross sec-
tion of these five elements, 764 barns/atom, and
so has the potential to significantly affect the

overall thermal neutroii cross section, depending
on the boron concentration in the sample (table
4). Therefore, a sensitivity analysis was per-
formed on the samples to determine the effect of
various boron concentrations on the **CI/Cl
ratio. Average boron concentrations taken from
Parker's study ranged from S ppm for basalt to
as much as 100 ppm for shale. A smaller boron
concentration in a sample generally corresponds
to a larger *CUCl ratio because more of the
neutron flux is available for activation of *°Cl.
Therefore, the sensitivity analysis was per-
formed under the assumption that the average
boron concentrations were lower by an order of
magnitude.

The largest percent change in **CI/CI ratios
was for sample SP-24, a quartzite. The calcu-
lated **CI/CI ratio using an average boron con-
centration for quartzite taken from Parker's
study (1967) was 1.5x10™, and the *CI/Cl ratio
adjusted for a smaller boron concentration was
2.5x10°, or a 61-percent increase. The small-
est percent change in **CI/Cl ratios was for sam-
ple SP-20, a basalt. The calculated **CI/Cl ratio
was 1.4x10™, and the adjusted **CI/Cl ratio was
1.5x10™, or an increase of only 0.7 percent.
None of the ratios for the basalt samples
changed by greater than 2.7 percent as a result
of this change in boron concentration. Ratios
for the rhyolite samples, with the exception of
SP-9, changed 8.6 percent or less. Ratios for the
carbonate, opal, shale, and quartzite samples all
changed at least 20 percent. The average in-
creases in *°Cl/Cl ratios for the basalt and rhyo-
lite samples were 2.3 and 7.5 percent, respec-
tively. The average increases in **CI/Cl ratios
for the carbonate, opal, shale, and quartzite
samples were 25, 24, 46, and 42 percent, respec-
tively. The larger increase in the **CI/CI ratios
for these samples was due to the decrease in
boron concentration in the samples. The order
of magnitude decrease in the boron concentra-
tion increased the thermal neutron cross section
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Figure 2. Measured and estimated gadolinium concentrations for 56 basalt samples from the eastern
Snake River Plain.
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available for *°Cl activation and, hence, in-
creased the **Cl/Cl ratio.

As an example, there was a 46-percent
change in the **CI/CI ratio for the shale sample
(boron concentration = 10 ppm) that was 20
times greater than the 2.3-percent ratio change
for the average basalt sample (boron concentra-
tion = 0.5 ppm). Thus, the change in the *Cl/Cl
ratio for the shale sample as a result of the order
of magnitude decrease in the boron concentra-
tion was significant compared to the change in
this ratio for basalt samples with a correspond-
ing change in boron concentrations. However,
as mentioned earlier, the contribution of **Cl to
ground water from shale is insignificant com-
pared to the contribution from basalt because
most of the aquifer on the plain is composed of
basalt.

The difference in initial boron concentrations
for the rock samples also affected the outcome
of the sensitivity analysis. For example, the
average boron concentration for rhyolite
changed from 15 to 1.5 ppm. The average boron
concentration for basalt changed from 5 to 0.5
ppm. Although all values decreased by an order
of magnitude, the rhyolite samples were affected
more by the decrease in boron concentration
than the basalt samples were. The average
change in boron concentrations for the rhyolite
samples was 13.5 ppm, and the average change
in boron for the basalt samples was 4.5 ppm.
The resultant change in **Cl/Cl ratio was conse-
quently 7.5 percent for rhyolite and only 2.3
percent for basalt.

Regardless of the initial boron concentrations
used in this sensitivity analysis, the gadolinium
concentrations ultimately determined the degree
of effect that the boron concentrations had on
the resultant **CI/Cl ratio. With a gadolinium
concentration of 10 ppm, the change in the bo-
ron concentration had little or no effect on the
*CVCI ratio because gadolinium has such a
large absorption cross section compared to that
of boron: 49,000 barns/atom for gadolinium and

764 barns/atom for boron. Alternatively, if the.

gadolinium concentration is 0.01 ppm, the gado-
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linium will have very fittle effect on the **Cl/CI
ratio, enabling a change in boron concentration
to have a significant effect.

Samarium, terbium, uranium, and tho-
rium

Concentrations of samarium, terbium, ura-
nium, and thorium in tables 1, 2, and 3 were the
concentrations reported directly in ppm by the
laboratory.

Elements reported as oxides

The laboratory reported the principal rock-
forming elements as oxides in weight percent of
the total sample weight. The ICP-AES and
INAA analytical methods used by the ISU labo-
ratory did not account for the volatile compo-
nents in the sample; for example, water (H,O)
and carbon dioxide (CO,). These constituents
were measured using the LOI method, which
provided a gross estimate of the total volatile
fraction of the sample but did not distinguish
between the component parts. The weight per-
cent of the LOI fraction of the sample, added to
weight percents of the major rock-forming ele-
ments, should equal 100 percent. However, a
total of 100 percent is rarely obtained, because
the LOI method of reporting results does not
account for the trace-element content of the rock
samples. Because selected trace elements were
considered in this report, the laboratory data
were not normalized to 100 percent prior to
conversion to ppm. Estimation of the volatile
components of the sample required additional
calculations as discussed in the section "Volatile
components."

The principal rock-forming elements are sili-
con (Si), aluminum (Al), iron (Fe), calcium
(Ca), magnesium (Mg), sodium (Na), potassium
(K), phosphorus (P), titanium (Ti), and manga-
nese (Mn); the respective oxides are SiO,,
A1203, FeO, CaO, MgO, Na20, Kzo, P205, TiOz,
and MnO. (Some Fe,O; does exist along with
the FeO, but the quantity is small enough that
the laboratory reported the total Fe concentra-
tion as FeO). Oxygen (O), which is reported as
part of the oxides, also is considered a principal




rock-forming element.
each oxide was converted to the needed units of
ppm by weight by reducing the weight percent
to a ratio and multiplying it by 1,000,000 g:

The weight percent of

(weight percent oxide/100) x 1,000,000 g=
ppm by weight oxide. (6)
The oxide in ppm by weight then was multi-
plied by the ratio of the elemental weight to the
molecular weight of the oxide:

ppm by weight oxide x (elemental weight/molecular weight
oxide) = ppm by weight element. (7

The ppm by weight of O in the oxide was de-
termined by subtracting the ppm by weight of
the element from the oxide:

ppm by weight oxide - ppm by weight element =
ppm by weight O. (8

For example, the reported weight percent of

SiO, for sample SP-15 of 45 used with the

known elemental weight of Si (28.1 g) and mo-

lecular weight of SiO, (60.1 g) gave the follow-

ing:

(1) From equation 6:

(45/100) x 1,000,000 g = 450,000 ppm by weight
Si0,.

(2) From equation 7:
450,000 x (28.086/60.0848) = 210,348 ppm by
weight Si.

(3) From equation 8:
450,000 - 210,348 = 239,652 ppm by weight O.

The ppm by weight of each element was cal-
culated from the appropriate oxide and the re-
sults are listed in tables 1, 2, and 3. The ppm by
weight of the element O for each oxide was
summed and is listed in tables 1, 2, and 3 as
oxygen, rock (O,r).

Volatile components

The principal volatile components of the
rock samples submitted for analysis were CO,
and H,O. The importance of these two com-
pounds in a sample depended on the amount of
mineral material containing these compounds
that was present in the samples. For example,
the laboratory analyzes calcite (CaCOs) in rock
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as Ca0O and CO,, however, CO; is included as
an undifferentiated component of the LOI result
for the sample. Similarly, opal (SiO;*nH,0) in
rock is analyzed as SiO, and H,O in the labora-
tory with the H,O included in the LOI result.
Because LOI was undifferentiated, it was neces-
sary to make some assumptions about its con-
tent, and these assumptions were made on the
basis of the typical mineralogy of the type of
rock sample that was submitted for analysis.
Also, because LOI was measured with a differ-
ent analytical method than the oxides were
measured, any adjustment necessary to make the
ppm by weight values equal 1,000,000 ppm was
made in the volatile component of the analysis.
Because these assumptions and the resulting
calculations depend on the rock type, they will
be discussed in that way.

Basalt and rhyolite

The extreme heat associated with the forma-
tion of basalt and rhyolite generally drives off
most volatile components. Many surface sam-
ples of Snake River Plain basalt have coatings
and void fillings of caliche, a mixture of calcite
and clay that has been deposited by secondary
moisture-related processes. In this case, LOI
firing can remove CO, as a volatile, just like
H,0. However, the basalt samples in this study,
with the exception of one sample, were taken
from depth where the major sources of CO,,
caliche, and CaCOs, are assumed to be minimal.
Therefore, all the LOI for basalt and rhyolite in
this study was assumed to be from H,O and not
CO,. Some H;O is trapped in vesicles as these
rock types solidify from the molten magma and
hydration of some minerals takes place. Be-
cause of these characteristics, the assumption
was made that the difference in table 1 between
the raw total (the sum of previously discussed

_ elements) and the adjusted (adj.) total was the

result of H,O lost during the analytical process.
The ppm by weight oxide (H,O) was calculated
by subtracting the total raw values from the total
adjusted values. Equations (7) and (8) then
were used to calculate H and O. These values
were designated H,w and O,w and listed in table
1. Calculations for the sample from an opal
deposit in rhyolite, SP-9, are discussed in the




section titled "Noncarbonate sedimentary and
metamorphic rocks."

Carbonate sedimentary rocks

The idealized chemical formulas for carbon-
ate rocks are CaCO; (limestone) and CaMg
(COs), (dolomite). The principal volatile com-
ponent in both rocks is CO,, and it was assumed
in this report that the LOI component of the
carbonate samples was the result of CO, vola-
tilization. For example, dolomite undergoes a
two-stage volatilization:

(1) CaMg(CO;), — CaCO; + MgO + CO, at about 800°C,
and

(2) CaCO; — Ca0O + CO, at about 900°C.

The LOI values were converted to ppm by
weight of the oxide using equation (6). The
remaining calculations were completed using
equations (7) and (8). The calculated results for
C are listed in table 2 and the O values were
included in the summation represented in table 2
by O,r. The H,w and O,w values in table 2 were
calculated in the same manner as for the basalt
and rhyolite samples in table 1.

Noncarbonate sedimentary and
metamorphic rocks

The amount of carbonate minerals in pre-
dominantly noncarbonate sedimentary rock is
variable and often is mirrored after the sum of
calcium and magnesium contained in the rock.
For example, a predominantly silica sand may
contain grains of calcite and dolomite that have
not been removed by weathering processes.
Conversely, opal, which is the weathering prod-
uct of some igneous rocks, should not contain
much carbonate material but should contain
significant amounts of water.

Calcium and magnesium in clay and shale
generally are in the lattice of the complex alu-
minosilicate minerals contained in clay, and the
presence of carbonate minerals should be lim-
ited in most cases. On the other hand, clay min-
erals commonly contain significant quantities of

water. The average ppm by weight of carbon in-

clay and shale was taken from Parker's study

(1967, table 19) to represent the value listed in
table 2 for sample SP-25. The corresponding
oxygen value was calculated by first converting
the element ppm by weight to the number of
moles of the element. This conversion was ac-
complished by dividing the elemental mass in
grams by the elemental gram formula weight
(gtw): '

element pp/element o, = elementyes €]

For example, the ppm by weight for carbon
in SP-25 is 10,000 g and the moles of C are
calculated with equation (9) as follows:

10,000g/12.01115 g/mole = 832.56 moles.

The chemical formula for CO, requires two
moles of O for each mole of C (2x832.56 moles
C) = 1,665.12 moles O. Equation (9) was modi-
fied to calculate the ppm by weight value for
oxygen.

element,,,,, = element e x elementy,

Therefore, O ppm by weight in grams =
1,665.12 moles x 15.9994 g/mole = 26,641 g of
O. This oxygen number was included in the sum
of O listed as O,r in table 2 for sample SP-25.

For the opal sample (SP-9) and the two
quartzite samples (SP-11 and SP-24), the as-
sumption was made that the number of moles of
C was equal to the sum of the number of moles
of calcium and magnesium. Equation (9) was
used to calculate the number of moles of cal-
cium and magnesium. The ppm by weight of C
was calculated by using equation (8). The re-
sults are listed in tables 1 and 3. Once the moles
of carbon were known, the moles of oxygen
were given by the relation Opeles = (2) (Croles)-
The ppm by weight of O was calculated with
equation (8) and summed into the appropriate
O,r results listed in tables 1 and 3. The H,w and
O,w values in tables 1 and 3 were calculated the
same way as for the basalt and rhyolite samples.

Anomalous data

Silica weight percents for samples SP-17 and
SP-24 were outside the calibration range of the
analytical instrument at the time the samples




were analyzed, giving results that were larger
than possible. Consequently, these two values
were reduced so that the laboratory weight-
percent totals equaled 100 percent.

The LOI weight percents for samples SP-16,
SP-18, SP-19, SP-20, and SP-21 were reported
as negative values because of analytical inter-
ferences by iron in the samples. These values
were adjusted so that the total (adj) value
equaled 1,000,000 ppm by weight.

IN SITU PRODUCTION OF
CHLORINE-36

Four potential sources for **Cl in ground wa-
ter are (1) meteoric input of cosmogenically-
produced *°Cl through wet and dry deposition,
2) in situ production by neutron activation in the
aquifer matrix or water, (3) radioactive fallout
from atmospheric nuclear-weapons tests, and (4)
emissions from nuclear-reactor facilities. Chlo-
rine-36, a beta-particle emitter, is cosmogeni-
cally produced in the atmosphere by two major
processes: (1) spallation (cosmic-ray interaction
with “°Ar), and (2) neutron activation of *Ar
according to the following reactions (Andrews
and Fontes, 1992):

“Ar (p, n, ot) *Cl (67 percent of total natural atmospheric
production), and

3¢Ar (n, p) *°C1 (33 percent of total natural atmospheric
production).

Another significant source of *°Cl in the en-

vironment is the neutron activation of stable
35
Cl:

3Cl (n, y) **CL

This reaction is the source of **Cl produced
during atmospheric weapons tests conducted by
the United States and Great Britain over the
Pacific Ocean during 1952-58 (Schaeffer and
others, 1960). This reaction also may produce
significant *°Cl in situ in certain subsurface
environments that have a neutron source in rea-
sonably close proximity to stable >>Cl. In basalt,
rhyolite, sandstone, and carbonate rocks, the
following reactions on potassium-39 (*K) and

to a lesser extent, on calcium-40 (*Ca), can
contribute to in situ production:

¥K (n, o) *Cl, and
“Ca (u, aY’°CL

However, the *>Cl (n, y)*°Cl reaction is the
only one that produces significant **Cl in the
subsurface at a depth greater than about 10 m
(Andrews and others, 1989; Davis and others,
1998; Fabryka-Martin, 1988).

Calculations were restricted to the deep sub-
surface (greater than 10 m), under the assump-
tion of rock-unit geochemical homogeneity.
Shallow subsurface contributions of *Cl were
assumed to be minimal because seasonal
ground-water recharge moves rapidly through
the shallow subsurface and precludes the addi-
tion of significant **Cl from near-surface pro-
duction reactions. Additionally, evapotranspira-
tion on the eastern Snake River Plain is large
and resultant long-term regional areal recharge
is small, limiting the amount of **Cl that re-
charge can mobilize in the near-surface envi-
ronment (Cecil and others, 1992).

To further support the assumption that **Cl
production resulting from the neutron activation
of *K is negligible, in situ secular equilibrium
CI/Cl ratios resulting from the reaction
¥K(n,a)*°Cl and *Cl(n,y)’°Cl were calculated
for each of the 25 rock samples in this study
(table 6). The ratios resulting from the activa-
tion of *K ranged from 1x10?' to 5x10™, or
three to six orders of magnitude smaller than the
ratios resulting from the activation of **Cl.
Thus, the production of *Cl due to *K is negli-
gible, and because muon activation of *’Ca
yields an even smaller *°Cl production rate,
these production mechanisms are insignificant
compared to the neutron activation of *°Cl.

The neutrons required for activation of *’C]
and *K are produced by the interaction between
alpha (o) particles, generated from the radioac-
tive decay of U and Th series isotopes, and sta-
ble nuclei of lighter elements such as O, Na, Al,
and Si (Faure, 1986). An estimate can be made
of in situ produced **Cl for a given ground-




_ water system if the following contributing fac-
tors are known: (1) the U and Th content of the
aquifer matrix, (2) the concentrations of target
elements for (a, n) reactions, (3) the concentra-
tion of target elements for neutron capture, and
4) the proximity of target elements to neutrons.
Because of the heterogeneous nature of the east-
ern Snake River Plain aquifer, the proximity of
target elements was not determined. Therefore,
maximum equilibrium concentrations reported
here for *Cl in ground water were calculated
with the assumption that all in situ produced
atoms in the aquifer matrix were transferred to
the fluids flowing through the aquifer. These
maximum **Cl concentrations were used to de-
termine the associated total CI' concentration
transferred to the ground water.

Additionally, for the calculations of in situ
produced *Cl, the following assumptions were
made: (1) all neutrons were thermalized in all
rocks below about 10 m in depth; (2) thermal
neutron fluxes were directly proportional to
neutron production rates; (3) all the U and Th
decay series isotopes were in secular equilib-
rium and were homogeneously distributed
throughout the rock; (4) all target nuclides were
homogeneously distributed throughout the rock;
and (5) all rocks were saturated with water. The
thermal neutron flux and **Cl production are
reduced in unsaturated rock as a result of neu-
tron capture by other elements in addition to the
*Cl and *K in the aquifer matrix. Therefore, in
situ production in the deep unsaturated zone will
be reduced by as much as 70 percent compared
to in situ production in the saturated zone
(Fabryka-Martin, 1988). Applications of these
assumptions maximize the in situ 36C1 produc-
tion calculations presented in this report.

The total transferred rock-to-ground-water
CI' concentrations were compared to maximum
ambient measured values, and the maximum
3Cl1 concentrations were adjusted accordingly.
For example, for sample SP-1, the maximum
total transfer value for CI" was 25.40 g/L.. How-
ever, the maximum average ambient ground-
water concentration was 15 mg/L, or 0.059 per-
cent of the estimated total CI” transfer concentra-

tion. Therefore, the associated maximum *°Cl -
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concentration of 2.52x10° atoms/L was reduced
by this method to 1.49x10° atoms/L to more
accurately reflect the possible contribution to
ground-water concentrations from in situ pro-
duction. Because of the assumptions discussed
earlier, these corrected °Cl concentrations

_ should be considered as maximum. Addition-

ally, these maximum CI concentrations in
ground water would have to be supplied solely
by rocks in the aquifer and from no other
source.

As previously discussed, the dominant
source of neutrons in the deep subsurface (be-
low about 10 m) that are available for activation
of stable **C1 and **K is the interaction of alpha-
emitting progeny from the U and Th decay se-
ries and light nuclei. The neutron production
rate from this interaction and from the sponta-
neous fission of naturally occurring >*U can be
calculated from the following equation modified
from Fabryka-Martin (1988, pages 37-40):

Pn =X{U]+ Y[Th}+ 0.429 [U], (10)

where

Pn = neutron production rate, in neutrons per gram of
rock per year [(n/g)/yr];

X  =production of secondary neutrons as a result of o
decay of the U series [(n/g)/yr per ppm U};

[U] =U concentration of the rock, in ppm;

Y  =production of secondary neutrons as a result of o

decay of the Th series [(n/g)/yr per ppm Th];
[Th] = thorium concentration of the rock, in ppm; and

0.429 {U] = neutrons produced by spontaneous fission of

B*U [(w/g)/yr per ppm U].

The X and Y factors are determined from the
light-element composition of each different rock
type in the study area. For example, X for lime-
stone sample SP-1 was determined by dividing
the total calculated (n/g)/yr per ppm U by the
total weighting factor (table 4). The factor X
then was multiplied by the U concentration in
ppm to determine the neutron production rate
from alpha-particle emissions from the U decay
series. The Y factor was calculated in the same
manner and multiplied by the Th concentration




to determine the neutron production rate from
alpha-particle emissions from the Th decay se-
ries. The factor 0.429 [U] in equation (10) ac-
counts for neutrons produced by the spontane-
ous fission of 2*U and includes (1) the atom
concentration of a gram of Z*U, (2) the sponta-
neous fission half-life for 2*U, (3) the number
of neutrons produced per spontaneous fission of
2%, and (4) the fractional concentration of U in
the sample in ppm (Fabryka-Martin, 1988, p. 39,
40).

Twenty-five samples of 6 different rock
types were analyzed for this study. Table 6 lists
the results for each of the samples. The calcu-
lated thermal neutron cross sections ranged from
0.0029 cm*/g of rock in dolomite (SP-4, fig. 1)
to 0.0165 cm®/g of rock in basalt (SP-20, fig. 1).
The total neutron production rate for each of the
rock types ranged from 0.3 (n/g)/yr in dolomite
(SP-4, fig. 1) to 29 (n/g)/yr in rhyolite (SP-17,
fig. 1). The total neutron production rates were
used in combination with the total reaction cross
sections to calculate the in sifu secular equilib-
rium **CV/Cl ratios caused by the two primary
reactions that produce **Cl in the rock matrix at
depth. For the reaction **Cl(n,y)**Cl, the ratios
_ ranged from 1.4x10™" in basalt (SP-20, fig. 1) to
45%10" in rhyolite (SP-17, fig. 1). The larger
CI/CI ratio for this rhyolite sample is due to
the larger U (11.5 ppm) and Th (22.2 ppm) con-
centration of the rhyolite; for comparison, the U
and Th concentrations of this basalt sample
were 0.8 and 2.23 ppm, respectively.

For the reaction “*K(n,)°Cl, the ratios
ranged from less than 0.000001x10™ in lime-
stone (SP-26, fig. 1) to 0.05x10"” in an opal
deposit in rhyolite (SP-9, fig. 1). In all samples
and rock types in this study, the **Cl production
by neutron activation of stable *°Cl was orders
of magnitude greater than production by neutron
activation of K. Therefore, only the **CI/Cl
ratios and *°Cl concentrations as a result of the
reaction 35Cl(n,y)“Cl, are discussed in the re-
port. Table 6 also lists the calculated equilib-
rium *°Cl content in the rock matrix. The **Cl
content was smallest in quartzite (SP-24, fig. 1),
0.007x10° atoms/cm’, and was largest in rhyo-
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lite and shale (SP-8 and SP-25, fig. 1), 12x10°
atoms/cm’. ;

Table 4 shows an example of the thermal
neutron cross section, the total neutron produc-
tion rate, and the in situ secular equilibrium
%C1/C] ratio calculated for the sedimentary rock
sample SP-1, a limestone. The sample was ana-
lyzed for the elements shown in table 4, and a
sample ppm was calculated using the methods
outlined in this report. The weighting factors
listed in table 4 were calculated by multiplying
the mass stopping power for each element by the
corresponding sample ppm expressed as a deci-
mal fraction of the total ppm (J.T. Fabryka-
Martin, written commun., 1997). The weight-ed
neutron yields were calculated by multiplying
the weighting factor by the original calculated
neutron yields. The thermal neutron cross sec-
tion for each of the analyzed elements was cal-
culated by multiplying the sample ppm as a
decimal fraction of the total by the absorption
cross section in cm’ and dividing by the atomic
weight. The individual thermal neutron cross
sections were added to obtain a total thermal
neutron cross section.

The X and Y factors were calculated by di-
viding the total weighted neutron yields by the
total weighting factor. The X and Y factors then
were multiplied by the corresponding total U
and Th sample ppm to arrive at a neutron pro-
duction rate caused by U and Th decay-series a
emissions. In addition, the neutron production
rate caused by *U spontaneous fission was
calculated by multiplying the total U sample
ppm by the factor of 0.429, as explained in
equation (10). The individual neutron produc-
tion rates were added to obtain a total neutron
production rate. To obtain a **Cl/Cl equilibrium
ratio, the following equation was modified from
(Fabryka-Martin, 1988, p. 208):

36C1 _ (Pn )X(NI)X(GQSC])
Cl - (GT)Xb"”c]) ’

1)

where

P, = total neutron production rate;




N =%C(l relative isotopic abundance;

Ty = thermal neutron absorption cross section of B,

or = total thermal neutron absoption cross section; and

A

1, = decay constant for %ClL.

In this equation, the **Cl thermal neutron ab-
sorption cross section is 4.4x10” cm’/atom, the
relative isotopic abundance of **Cl is 0.7577
(Walker and others, 1989), and the *Cl decay
constant is 2.3x10 yr.,

The *CI/CI ratios estimated for the 25 sam-
ples used in this study represent rock types of
specific composition as opposed to average
composition. Therefore, to obtain values for
rock types of average composition, the samples
were grouped into the categories of basalt, rhyo-
lite, limestone and dolomite (carbonates), shale,
and quartzite (table 7). The U and Th contents
were averaged for each category, as were the
thermal neutron cross sections, the total neutron
production rates, and the in situ secular equilib-
rium **Cl/Cl ratios. The average values are
compared in table 7 and figure 3 to average
values from Parker's study (1967). The U and
Th content, the thermal neutron cross section,
and the total neutron production rates for all
rock types compare well with the data from
Parker's study. Additionally, the histogram in
figure 3 shows good correlation between both
data sets, further supporting the calculated in
situ secular equilibrium **CI/CI ratios reported
for rocks from the eastern Snake River Plain.

Andrews and others (1989) made such calcu-
lations for **Cl production in the Stripa granite
using the same methods outlined here for in situ
production of *°Cl. The Stripa granite is com-
posed of small amounts of neutron-absorbing
elements and has a relatively large natural ra-
dioelement content. Thus, the neutron flux gen-
erated within this granite is among the largest
known for crustal rocks (Andrews and others,
1989). The theoretical flux for the Stripa gran-
ite was calculated to be 4.07x10* (n/cm?)s,
whereas the theoretical neutron flux for the sur-
rounding leptite was 0.80x10™* (n/cm®)/s. These
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values agree to within 15 percent or better of the
experimental neutron flux values measured by
Andrews and others (1986).

The theoretical flux value was used to calcu-
late neutron-induced production rates of eight
isotopes within the Stripa granite, the fracture
minerals, and the surrounding leptite. These
isotopes were *He, C, *cC1, %, YA, PAr,
Kr, and ¥Kr. In calculating the production
rates, two assumptions were made. The first
assumption was that all the radioisotopes pro-
duced within the rock matrix were transferred to
the fluids in the rock pore spaces. The second
assumption was that the minimum observed
porosity for crystalline rocks is 1 percent, an
assumption independent of the microdistribution
of radionuclide production in relation to the
aqueous phase.

The estimated equilibrium number of atoms
of *Cl in 1 cm’ of the rock matrix was 1.5x10°
for the reaction *>Cl(n,y)**Cl and 0.04x10° for
the **K(n,«)**Cl reaction. For the fracture fluid,
the equilibrium number of atoms in 1 cm’ was
2.5x10° for neutron absorption by **Cl and was
negligible for neutron activation of *’K. For the
surrounding leptite rock matrix, the equilibrium
number of atoms was 0.19x10° and 0.0067x10°
for the two reactions, respectively. As was the
case for the rocks from the Snake River Plain
aquifer system investigated in this report, the
production of **Cl by activation of *K in the
Stripa granite was insignificant.

The equilibrium **CI/C! ratio that resulted
from the experimental neutron flux in the rock
matrix for the Stripa granite was 215x10™ after
1.5 million years. The equilibrium **CI/C ratio
for the surrounding leptite was 41x10°°. Al
though the **CU/CI ratios in the ground water
may not reach the same equilibrium ratio as in
the aquifer matrix as a result of the smaller resi-
dence times, an increase in salinity during trans-
port through the fracture system could resultin a
CI' and **CV/ClI ratio signature characteristic of
the Stripa granite (Andrews and others, 1989).
Because of the similarity in
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geochemistry, this **Cl/Cl ratio from the Stripa
Granite is comparable to the **Cl/Cl ratio for
rhyolite from the eastern Snake River Plain.
The estimated equilibrium in situ **CUCI ratio
for the nine rhyolite samples used in this study
ranged from 26x10™"° to 45x10™"° and the mean
was 35+5.5x10™° (table 6). The slightly larger
3CI/Cl ratio from the Stripa granite is due to the
larger U and Th content of this granite com-
pared to the U and Th content in the average
rhyolite from the eastern Snake River Plain; U is
44.1 ppm and Th is 33 ppm in the Stripa granite,
and U is 5.96 ppm and Th is 24.1 ppm for aver-
age rhyolitic composition from the eastern
Snake River Plain (table 7).

If all the CI' in the Stripa granite were trans-
ferred from the rock to the ground water, a *°Cl
concentration of 1.5x10'" atoms/L would be
produced with an associated fluid chlorinity of
43 g/L.. However, the maximum chlorinity pres-
ent in ground water from the Stripa granite was
only 700 mg/L, corresponding to 1.6 percent of
the matrix CI transferred to the pore fluids. The
resultant corrected **Cl equilibrium concentra-
tion is 2.4x10° atoms/L and is on the same order
of magnitude as measured ground-water concen-
trations in the Stripa granite.

The **Cl content of Stripa ground water was
determined to be a result of in situ production
because the amount was much larger than what
could be derived from cosmogenic or nuclear-
fallout sources. Therefore, the input of 3%Cl1 to
the ground-water system from cosmogenic and
nuclear-fallout sources was determined to be
much less significant than the production of **Cl
by neutron capture within the granite. Although
this determination ultimately limits the use of
Cl concentrations for estimation of ground-
water residence times in the Stripa granite, An-
drews and others (1989) estimated residence
time on the rate of **C1 buildup in the water.

Using the Stripa study as a model, Beasley
and others (1993) calculated a theoretical in situ
produced **CI/Cl ratio of 1x10™® for the basalt
aquifer of the eastern Snake River Plain. This
ratio is not measurable by any analytical tech-

niques and ir situ production was determined to
be inconsequential. However, data presented
here suggest that the maximum estimated in situ
3CI/Cl ratio in basalt rocks of the eastern Snake
River Plain ranges from 1.4x10™° to 10x10™°
(table 6) or three to four orders of magnitude
larger than the theoretical ratio reported by Bea-
sley and others.

This large difference in estimated **CI/Cl ra-
tios is due to the method of calculation. Beasley
and others (1993) estimated the in situ contribu-
tion for neutron activation of *°Cl dissolved in
ground water only. In the present study, possi-
ble neutron activation of *’ClI in the aquifer ma-
trix also was considered. Therefore, the ratios
calculated in this manner are expected to be
orders of magnitude larger as a result of in-
creased neutron production rates and chloride
concentrations in the rock compared to those in
ground water.

In situ production of **Cl has been estimated
in near-surface environments for a reevaluation
of cosmogenic production rates in terrestrial
rocks (Phillips and others, 1996). Their evalua-
tion included 17 basalt samples collected from
surface exposures on the eastern Snake River
Plain. The measured in situ **Cl/Cl atom ratios
for the 17 samples ranged from 22+2x10™ to
249+16x10", and the mean was 125+17x10™".
For comparison, the estimated in situ secular
equilibrium **CVCI ratios for the seven basalt
samples used in this study ranged from 1.4x10™"
to 10x10", and the mean was 5.2+3.3x10™°
(table 6). The 17 basalt samples collected on
the Snake River Plain by Phillips and others
(1996) were all from surface outcrops. Only
one of the seven basalt samples evaluated in this
study was an outcrop sample; the remaining six
were from depths of 118-728 m below the sur-
face. Therefore, the 17 measured 3CYCl atom
ratios compare well with the 7 estimated in situ
ratios, because the surface ratios are expected to
be larger by an order of magnitude or more as a
result of enhanced surface production of *Cl by
the interaction of cosmic rays with elements in
the rocks.




COMPARISON OF IN SITU
PRODUCED CHLORINE-36 WITH
CONCENTRATIONS IN WATER

Chlorine-36 concentrations have been deter-
mined for water, snow, and glacial ice samples
collected at and near the INEEL (Cecil and oth-
ers, 1999). In southeastern Idaho and western
Wyoming, meteoric concentrations were deter-
mined to be less than 1x10’ atoms/L for re-
charge, and concentrations between 1x10’ and
1x10% atoms/L. were indicative of a nuclear-
weapons-tests component from peak **Cl pro-
duction in the late 1950s. Chlorine-36
concentrations between 1x10° and 1x10°
atoms/L in ground water and surface water were
determined to be representative of resuspension
of weapons-test fallout from the landscape, air-
borne disposal from nuclear-waste processing at
the INTEC, or evapotranspiration (ET). Chlo-
rine-36 concentrations larger than 1x10° at-
oms/L. were attributable to nuclear-waste dis-
posal practices in the area.

Concentrations of **Cl in ground-water sam-
ples collected downgradient from the INTEC
ranged from 10£0.2x10%® to 15+0.1x10"% at-
oms/L. (L.D. Cecil, U.S. Geological Survey,
unpub. data, 1999). The associated total CI’
concentrations ranged from 75 to 220 mg/L.
Maximum estimated **Cl concentrations from in
situ production for all rock types, corrected to
ambient measured Cl' concentrations, ranged
from 2.45x10° to 7.68x10° atoms/L, or up to
seven orders of magnitude smaller than concen-
trations in ground water near the INTEC (table
8). The ground-water *°Cl concentrations near
the INTEC were also three to four orders of
magnitude larger than peak weapons-tests fall-
out for southeastern Idaho and Wyoming (Cecil
and others, 1999). Additionally, in situ **Cl/Cl
ratios for average rock compositions ranged
from 4.0x10™ to 33.3x10°" (table 7). For com-
parison, the range of **CVCl for 254 ground-
water samples collected from the Snake River
Plain aquifer at and near the INEEL was
31x10™° t0 2.9x107.
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In situ produced *°Cl concentrations compare
well with meteoric inputs that may be unaf-
fected by ET. For example, by using calculated
fallout rates for *°Cl for precipitation from the
study by Cecil and others (1999), a range of
possible meteoric concentrations in snow can be
calculated. The *°Cl fallout rates determined
from separate snowfall events at two different
stations in Idaho during 1991 in water equiva-
lent were 0.012+0.002 (atoms/cm’)/s at Harri-
man State Park near the Wyoming border and
0.003+0.0015 (atoms/cm’)/s at Copper Basin in
south-central Idaho (fig. 1). Meteoric **Cl con-
centrations can be approximated using the **Cl
fallout rate and a range of possible ET rates for
the eastern Snake River Plain by using the
following equation:

natural 36C1
fallout rate [(atoms/cm2 )/s}

meteoric 36Cl conc. =
avg annyal _ (avg annu
(prccip. cm/yr)) (ET é:nWw ]

(12)

where

conc. = concentration

avg = average

precip. = precipitation

ET = evapotranspiration rate

A range of ET rates was used in these calcula-
tions in an attempt to account for differences in
seasonal distributions of precipitation and ET.

The range of meteoric concentrations using
the larger fallout rate for the Harriman site,
0.012+0.002 (atoms/cm’)s, and ET rates of 0
and 95 percent, is 6.5x10° to 1.3x10% atoms/L.
Cecil and others (1999) reported a mean **Cl
concentration for 32 surface-water samples col-
lected in southeastern Idaho of 1.5x10% atoms/L,
which indicates the effects of 95 percent or
greater ET. In contrast, 3$C1 concentrations for
average precipitation for the east coast of the
United States, where there is little or no ET,

 have been determined to be 1.7+0.2x10° at-




oms/L for the period February 1997 through
January 1993 (Hainsworth and others, 1994).
This average is the same as the calculated **Cl
fallout rate presented here for precipitation not
affected by ET in southeastern Idaho. Addition-
ally, meteoric *°Cl ground-water concentrations
from the eastern Snake River Plain aquifer range
from 1.0x10° to 5.0x10° atoms/L, which sup-
ports the idea that no significant *°Cl is being
picked up in the shallow subsurface by rapidly
infiltrating recharge that would not be signifi-
cantly affected by ET. These meteoric concen-
trations are in contrast to the average **Cl con-
centration in the 32 surface-water samples,
1.5x10® atoms/L, that would be expected to be
influenced by ET processes.

For comparison to measured “°Cl
concentrations in surface water, an average
concentration of **Cl produced in surface water
was estimated. Turekian (1969) compiled the
average composition of surface water for nearly
all the elements, and these data were used to
calculate an average in situ produced
concentration for **Cl. An average in situ
equilibrium **Cl concentration for surface water
of 1.83x10* atoms/L. was calculated. Although
this relatively small *Cl concentration
calculated in this manner is a first-order
approximation, it suggests that the in situ
contribution from surface water of average
composition is insignificant compared to the
contributions from weapons-tests fallout, natural
atmospheric  production, overland runoff
containing near-surface-produced *%Cl, and
concentrations as a result of nuclear-waste
disposal at the INEEL.

Two snow samples were collected at the
INEEL (INEEL #1 and INEEL #2, fig. 1) during
nuclear-waste reprocessing operations, and re-
sultant **Cl fallout rates were determined for
comparison to possible meteoric concentrations.
The largest fallout rate, 12+2.4 (atoms/cm®/)s
for INEEL #2, was used to calculate a contribu-
tion of *Cl to the Earth’s surface from the
INTEC. Again, by application of equation (12),
the possible contribution to ground-water con-
centrations from precipitation affected by waste-
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processing operations at the INEEL ranged from
1.7x10" atoms/L for no ET to 3.8x10" atoms/L
for 95-percent ET. These concentrations are
four to five orders of magnitude larger than
estimated natural meteoric contributions to
ground water **Cl concentrations in the eastern
Snake River Plain aquifer. Considering ground-
water residence time and rapid infiltration of
recharge in the eastern Snake River Plain aqui-
fer, it is highly unlikely that significant **Cl
concentrations from in situ production occur.

SUMMARY
Twenty-five whole-rock samples were
collected from basalt, rhyolite, limestone,

dolomite, shale, and quartzite rock types in the
eastern Snake River Plain aquifer. In situ
production of **Cl in the rock samples resulting
from nuclear interactions between stable
nuclides and particles given off during the
radioactive transformation of U and Th decay-
series isotopes was determined. Calculated
ratios of **Cl/CI in these rocks, as a result of
neutron activation of stable chlorine-35, ranged
from 1.4x10™° for basalt to 45x10" for
rhyolite. The associated neutron production
rates calculated for these rock types were 2.5
(n/g)/yr for the basalt and 29 (n/g)/yr for the
rhyolite. The larger neutron production rate for
this rhyolite sample is due to the larger U (11.5
ppm) and Th (22.2 ppm) concentration of the
rthyolite; for comparison, the U and Th
concentrations of this basalt sample 0.8 and 2.23
ppm, respectively.

Corrected concentrations of *°Cl in ground
water were estimated by taking into account CI
concentration, rock porosity, and the calculated
C1/CI ratios. In basalt and rhyolite, the maxi-
mum Cl concentrations were 1.77x10° and
7.68x10° atoms/L, respectively. These maxi-
mum estimated *°C] concentrations in ground
water from in situ production are on the same
order of magnitude as natural concentrations in
meteoric water. In contrast, the *°Cl concentra-
tion measured in ground water collected near the
INTEC was reported to be 15+0.1x10'* atoms/L,
or up to seven orders of magnitude larger than in
situ or meteoric concentrations. In situ *°Cl/Cl




ratios in ground water from rock with average
compositions from this study ranged from

4.0x10"° to 333x10"°. For comparison, the
range of **CU/Cl for 254 ground-water samples
collected from the Snake River Plain aquifer at
and near the INEEL was 31x10™° to 2.9x107.
Based on these results, in situ production of **Cl
is insignificant compared to concentrations
measured in ground water near buried and in-
jected nuclear waste at the INEEL.
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DEFINITIONS FOR CHEMICAL SYMBOLS AND NOTATIONS USED IN TABLES 1,2, 3, and 4

Al

B

Be

cm’/g

C

Ca

Ci

F

Fe

Gram atomic weight

Gd
H,w
ICP-AES
ISEP
INAA
K

Li

LO1
Mg
Mn
(w/g)lyr
Na

Or
Oo,w

P

ppm

Si

Sm-

Tb

Th

Ti
Total (adj.)

Total (raw)
U
Z

Aluminum

Boron

Beryllium

Square centimeters per gram

Carbon

Calcium

Chlorine

Fluorine

Iron

'Weighted average mass of all isotopes of an element relative to the mass of pure
carbon-12

Gadolinium

Hydrogen from water

Inductively coupled plasma-atomic emission spectrometry
Ton-selective electrode potentiometry

Instrumental neutron activation analysis

Potassium

Lithium

.oss on ignition

Magnesium

Manganese

Neutrons per gram of rock per year

Sodium

Oxygen as structural component of rock matrix

Oxygen from water

Phosphorus

Parts per million by weight

Silicon

Samarium

Terbium

Thorium

Titanium

Sum of all elemenits including H,w and O,w from water adjusted to equal 1,000,000
ppm

Sum of all elements except H,w and O,w from water adjusted to equal 1,000,000 ppm
Uranium

IAtomic number
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Table 1. Data for calculating thermal cross sections for neutron absorption, igneous rock
samples from the eastern Snake River Plain aquifer.

[Sample locations are shown on figure 1. Source of data: major rock-forming.elements as oxides in weight percent,
trace elements in ppm by weight, and volatile components in weight percent are from the Idaho State University
Department of Geology Geochemistry Laboratory and were determined by ICP-AES, INAA, or LOI (value in
parentheses indicates that the element’s concentration was outside the calibration range of the instrument during
analysis and that the value was reduced to make the laboratory weight-percent data equal 100 percent); unmarked
chlorine values in weight percent are from the U.S. Geological Survey Branch of Geochemistry Laboratory and were
determined by ISEP; values marked with an asterisk (*) are from Parker [directly for basalt samples and from
geochemical equivalent for rhyolite samples (felsic granite)] (1967, table 19, p. D13-D14). Calculations: Gd values
were calculated using chondritic trace-element ratios; carbon values marked with @ symbol were calculated under
the assumption that the moles of carbon were equivalent to the sum of the moles of calcium and magnesium; values
for H,w and O,w were calculated under the assumption that the difference between the raw and adj. totals plus excess
LOI values was attributable to water content (both water of hydration and pore water); the value for O,r was
calculated from oxide weight-percent data. For a detailed explanation of calculations and conversions, see section of
text, "Data Processing." Symbol: <, less than]

Sample identifier and rock type

SP-9 ppm
SP-8 ppm opal in
z Gram SP-S ppm SP-6 ppm SP-7 ppm rhyolite rhyolite SP-10 ppm
(Atomic atomic rhyolite rhyolite rhyolite Depth, 10 Depth, 10 rhyolite
number) Element weight outcrop outcrop outcrop meters meters outcrop
14 Si 28.1 343302 345,718 314,633 353,104 345,625 338,660
13 Al 27.0 56,153 64,410 58,588 60,864 64,780 64,304
26 Fe 55.8 10,649 13,137 12,670 10,338 2,254 14,458
20 Ca 40.1 15,223 5,503 36,664 3,859 1,572 4,431
12 Mg 243 5549 724 603 422 121 603
11 Na 23.0 25,223 26633 26,262 25,965 964 27,820
19 K 39.1 38,935 44,746 43,500 44,580 7,222 44,497
15 P 30.97 175 218 131 131 175 175
3 Li 6.9 *40 *40 *40 *40 *15 *40
4 Be 9.01 *5.5 *5.5 *5.5 *5.5 *5 *5.5
5 B 10.8 *15 *15 *15 *15 *35 *15
6 C 12.0 *300 *300 *300 *300 @531 *300
9 F 19 *800 *800 *800 *800 *270 *800
1 Hw 1.0 3,506.37 2,018.39 6,242.28 1,944.54 13,180.93 3,630.32
22 Ti 479 719 1,079 959 899 1439 1,499
25 Mn 549 77 1,007 232 310 <77 232
62 Sm 150.4 17.3 15.7 11.1 13.6 428 12.9
65 Tb 158.9 228 22 1.33 1.94 A3 1.89
64 Gd 157.3 15.37 14.53 9.26 12.74 3.17 12.30
8 Or 16.0 471,195 477,325 448,158 480,228 457,162 469,421
8 o,w 16.0 27,828.18 16,018.88 49,541.63 15,432.78 104,610.09 28,811.89
92 U 238.0 49 44 5.1 6.2 53 5.3
90 Th 232.0 25.1 254 28.8 217 203 249
17 Cl 35.5 *240 *240 600 700 *10 *240
Total (raw) 968,665.45 981,962.73 944,216.09 982,622.68 882,208.98 967,557.79
Total (adj.) 1,000,000 1,000,000 1,000,000 1,000,000 1,000,000 1,000,000
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Table 1. Data for calculating thermal cross sections for neutron absorption, igneous rock
samples from the eastern Snake River Plain aquifer—Continued

Sample identifier and rock type

SP-15ppm SP-16ppm SP-17ppm  SP-18 ppm  SP-19 ppm
Z Gram SP-13 ppm basalt basalt rhyolite basalt basalt
(Atomic atomic rhyolite Depth,728  Depth, 158  Depth, 136 Depth, 180 = Depth, 118
number) Element weight outcrop meters meters Meters meters meters
14 Si 28.1 346,419 210,348 212,685 (353,337) 222,969 215,490
13 Al 27.0 62,081 69,861 77,800 66,156 85,739 83,622
26 Fe 55.8 8,550 90,945 85,504 12,903 81,618 97,164
20 Ca 40.1 11,078 77,545 73,614 5,003 79,332 76,259
12 Mg 24.3 784 33,291 49,575 1,025 50,359 46,982
11 Na 23.0 25,594 15,727 17,582 31,974 18,250 18,695
19 K 39.1 44,165 12,369 3,653 38,187 3,736 4,400
15 P 30.97 175 3,710 1,091 87 1,397 1,920
3 Li 6.9 *40 *15 *15 *40 *15 *15
4 Be 9.01 *5.5 *4 *4 *5.5 *4 *4
5 B 10.8 *15 *5 *5 *15 *5 *5
6 C 12.0 *300 *100 *100 *300 *100 *100
9 F 19 *800 *370 *370 *800 *370 *370
1 Hw 1.0 2,579.75 7,065.57 5,863.45 103.33 1,034.88 1,375.94
22 Ti 479 480 16,247 10,491 959 10,611 13,069
25 Mn 54.9 310 1,471 1,317 387 1,317 1,394
62 Sm 150.4 9.91 7.51 4.75 15.44 48 5.68
65 Tb 158.9 1.57 94 .05 431 .6 75
64 Gd 157.3 9.96 6.45 3.87 22.63 4.12 5.05
8 Or 16.0 475,864 404,786 413,688 487,582 434,872 428,105
8 Ow 16.0 20,474.11 56,075.49 46,534.97 820.09 8,213.29 10,920.08
92 U 238.0 5.1 1.1 8 11.5 .6 5
90 Th 232.0 19.1 2.54 1.71 222 1.31 1.6
17 Cl 35.5 *240 *50 100 %240 *50 100
Total (raw) 976,946.14 936,858.94  947,601.58  999,076.58  990,751.83  987,703.98
Total (adj.) 1,000,000 1,000,000 1,000,000 1,000,000 1,000,000 1,000,000
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Table 1.

Data for calculating thermal cross sections for neutron absorption, igneous rock
samples from the eastern Snake River Plain aquifer—Continued

Sample identifier and rock type

Z SP-20 ppm SP-21 ppm SP-22 ppm SP-23 ppm
(Atomic Gram atomic basalt basalt basalt rhyolite
number) Element weight Depth, 193 meters Depth, 259 meters outcrop outcrop

14 Si 28.1 209,880 214,555 227,176 347,775

13 Al 27.0 79,388 70,390 75,683 60,864

26 Fe 55.8 98,719 94,055 66,071 15,002

20 Ca 40.1 70,970 57,176 66,610 3,431

12 Mg 243 43,665 30,035 45,293 543 .

11 Na 23.0 18,917 23,294 17,211 26,707

19 K 39.1 5,230 14,611 26,980 41,840

15 P 30.97 2,662 1,353 2,269 131

3 Li 69 *15 *15 *15 *40

4 Be 9.01 ¥4 *4 *4 *5.5

5 B 10.8 *5 *5 *5 *15

6 C 12.0 *100 *100 *100 *300

9 F 19 *370 *370 *370 *800

1 Hw 1.0 3,882.04 8,489.93 5,241.73 2,813.21

22 Ti 479 16,247 15,887 4,736 1,259

25 Mn 54.9 1,471 1,549 1,162 465

62 Sm 150.4 7.39 13.77 5.07 14.25

65 Tb 158.9 .96 222 .73 22

64 Gd 1573 6.50 13.99 478 14.07

8 Or 16.0 417,451 400,495 419,409 475,383

8 ow 16.0 30,809.68 67,380.12 41,600.81 22,326.97

92 U 238.0 .8 3.0 1.2 5.8

90 Th 232.0 223 6.57 5.28 23.0

17 Cl 355 200 200 *50 *240

Total (raw) 965,308.28 924,129.95 953,157.46 974,859.82
Total (adj.) 1,000,000 1,000,000 1,000,000 1,000,000
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Table 2. Data for calculating thermal cross sections for neutron absorption, sedimentary
rock samples from the eastern Snake River Plain aquifer.

[Sample locations are shown on figure 1. Source of data: major rock-forming elements as oxides in weight percent,
trace elements in ppm by weight, and volatile components in weight percent are from the Idaho State University
Department of Geology Geochemistry Laboratory and were determined by ICP-AES, INAA, or LOI; unmarked
chlorine values in weight percent are from the U.S. Geological Survey Branch of Geochemistry Laboratory and were
determined by ISEP; values marked with an asterisk (*) are from Parker (1967, table 19, p. D13-D14). Calculations:
Gd values were calculated using chondritic trace-element ratios; carbon was calculated under the assumption that
LOI values resulted from volatilization of carbonate; values for H,w and O,w were calculated under the assumption
that the difference between the raw and adj. totals plus excess LOI values was attributable to water content; the value
for O,r was calculated from oxide weight-percent and LOI data. For a detailed explanation of calculations and
conversions, see section of text, "Data Processing." Symbols: -bd-, below detection limit; <, less than]

Sample identifier and rock type

SP-2 ppm
4 Gram SP-1ppm  limestone SP-3ppm SP-4ppm SP-12ppm SP-25ppm  SP-26 ppm
(Atomic atomic  limestone Depth, 10  limestone  dolomite  limestone shale limestone
number) Element weight outcrop meters ouicrop outcrop outcrop outcrop outcrop
14 Si 28.1 7,947 10,564 8,554 3,085 19,960 226,241 -bd-
13 Al 27.0 1,376 2,064 1,217 1,429 1,747 62,452 -bd-
26 Fe 55.8 233 544 233 1,166 777 30,704 311
20 Ca 40.1 382,508 381,865 383,586 217,555 369,572 63,394 385,939
12 Mg 243 4,522 2,714 3,317 120,681 3,076 38,659 2,835
11 Na 23.0 74 148 74 223 74 6,825 148
19 K 39.1 415 830 249 747 913 26,731 0
15 P 30.97 87 131 44 44 218 1,222 262
3 Li 6.9 *5 *5 *5 *5 *5 *60 *5
4 Be 9.01 *5 *5 *5 *5 *5 *3 *5
5 B 10.8 *20 *20 *20 *20 *20 *100 *20
6 C 12.0 118,201 117,164 117,519 128,108 116,318 *10,000 115,718
9 F 19 *330 *330 *330 *330 *330 - *500 *330
1 Hw 1.0 340.37 284.27 569.56  1,459.63 250.74 12,664.38 3,243.86
22 Ti 479 <60 60 <60 <60 60 3,477 240
25 Mn 54.9 <77 <77 <77 155 <77 1,704 155
62 Sm 150.4 39 .69 72 12 .64 4.53 72
65 Tb 158.9 .05 .09 11 .01 .07 .66 .06
64 Gd 157.3 34 .61 7 .08 .50 4.30 47
8 O,r 16.0 481,137 480,816 479,607 513,007 484,485 411,732 464,892
8 Oo,w 16.0 2,701.35 2,256.13 4,520.32 - 11,584.32 1,990.03 100,510.46 25,744.81
92 U 238.0 1.9 25 29 2 23 26 4.3
90 Th 232.0 .1 21 .18 .14 22 9.07 28
17 Cl 35.5 100 200 *150 400 200 *3,000 *150
Total (raw) 996,958.28 997,459.60 994,910.12 986,956.05 997,759.23 886,825.16 971,011.33
Total (adj.) 1,000,000 1,000,000 1,000,000 1,000,000 1,000,000 1,000,000 1,000,000




Table 3. Data for calculating thermal cross sections for neutron absorption, metamorphic
rock samples from the eastern Snake River Plain aquifer.

[Sample locations are shown on figure 1. Source of data: major rock-forming elements as oxides in weight percent,
trace elements in ppm by weight, and volatile components in weight percent are from the Idaho State University
(ISU) Department of Geology Geochemistry Laboratory and were determined by ICP-AES, INAA, or LOI (value in
parentheses indicates that the element’s concentration was outside the calibration range of the instrument during
analysis and that the value was reduced to make the laboratory weight-percent data equal 100 percent); unmarked
chlorine values in weight percent are from the U.S. Geological Survey Branch of Geochemistry Laboratory and were
determined by ISEP; values marked with an asterisk (*) are from Parker [directly for basalt samples and from
geochemical equivalent for quartzite (sandstone)] (1967, table 19, p. D13-D14). Assumption: LOI values provided
by the ISU Laboratory were assumed to result from volatilization of carbonate or water. Calculations: Gd values
were calculated using chondritic trace-element ratios; carbon values marked with @ symbol were calculated under
the assumption that the moles of carbon were equivalent to the sum of the moles of calcium and magnesium; values
for H,w and O,w were calculated under the assumption that the difference between the raw and adj. totals plus the
excess LOI values was attributable to water content (both the water of hydration and pore water); the value for Ox
was calculated from oxide weight percent and LOI data. For a detailed explanation of calculations and conversions,
see section of text, "Data Processing." Symbols: - bd-, below detection limit; <, less than]

Sample identifier and rock type
SP-11 ppm quartzite SP-24 ppm quartzite

Z (Atomic number) Element Gram atomic weight outcrop outcrop
14 Si 28.1 342,353 (463,513)
13 Al 27.0 16,883 -bd-
26 Fe 55.8 5,441 155
20 Ca 40.1 69,969 0
12 Mg 243 5,126 181
11 Na 23.0 37 148
19 K 39.1 , 8,966 2,657
15 P 30.97 524 131
3 Li 6.9 *15 #15
4 Be 9.01 *5 *5
5 B 10.8 *35 *35
6 C 12.0 @23,501 @89
9 F 19 *270 *270

1 Hw 1.0 2,379.16 295.54
22 Ti 47.9 719 420
25 Mn 54.9 620 155
62 Sm 150.4 2.01 .28
65 Tb 158.9 27 .04
64 Gd 157.3 1.81 26
8 Or 16.0 503,836 529,578
8 O,w 16.0 18,882.17 2,345.53
92 U 238.0 14 3
90 Th 232.0 3.68 .55
17 Cl 355 100 *10
Total (raw) = 978,738.67 997,358.93
Total (adj.) = 1,000,000 1,000,000
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Table 4. Example of calculated thermal neutron cross section for neutron absorption,
total neutron production rate, and in situ secular equlibrium chlorine-36/chlorine (“Cl/Cl)
ratio for sedimentary rock sample SP-1, limestone, eastern Snake River Plain aquifer.

[Sample locations are shown on figure 1. See text for explanation of mass stopping power, weighting factor, X and
Y factors; weighted neutron yields, and thermal cross sections. Mass stopping power, neutron yields, and absorption
cross sections from Fabryka-Martin (1988). Mass stopping power is given for each element for an alpha particle of
energy 8.0 million electron volts (MeV). Mass stopping power units: MeV per gram of rock per square centimeter.
Sample ppm from table 2; <, less than] '

Neutron yield Weighted neutron yield
: Mass stopping  (n/g)/yr rock (n/g)/yrrock  Sample Weighting (n/g)/yr rock  (n/g)/yr rock per
Element power perppm U  per ppm Th ppm factor per ppm U ppm Th
Si 454 0.69 0.339 7.947 3.61 2.49 1.22
Al 444 5.116 2.585 1,376 .61 3.13 1.58
Fe 351 187 208 233 .08 .02 .02
Ca 428 282 026 382,508 163.71 46.17 4.26
Mg 461 5.834 2.564 4,522 2.08 12.16 5.35
Na 456 12.535 5.959 74 03 , 42 20
K 414 .89 .08 415 17 15 .01
P 433 4.473 573 87 .04 17 .02
Li 548 23.86 10.54 5 003 .07 .03
Be 529 265.948 91.561 S .0003 .07 .02
B 527 62.551 19.779 20 .01 .66 21
C 561 - - 456 179 118,201 66.31 30.24 11.87
F 472 41.33 16.362 330 .16 6.44 2.55
0] 527 - 236 .084 483,838.35 254.98 60.18 21.42
Total 999,556.85 491.8 162.35 48.76
Gram atomic Neutron absorption cross section’ Thermal neutron cross section
Element weight Sample ppm (barns/atom) (cm?/g)
Si 28.1 7,947 0.17 0.000029
Al 27.0 1,376 233 .000007
Fe 55.8 233 2.56 .000006
" Ca 40.1 382,508 43 .002469
Mg ©.243 4,522 .063 .000007
Na 23.0 74 53 000001
K 39.1 415 2.1 .000013
| 30.97 87 .18 <.000001
Li 6.9 5 71 : .000031
Be 9.01 5 .0092 <.000001
B 10.8 20 764 000852
C 12.0 118,201 .0035 .000021
F 19.0 330 .0096 . <.000001 -
H - 1.0 340.37 33 000068
Ti 479 60 6.1 .000005
Mn 549 77 13.3 .000011
Sm 150.4 39 5,600 .000009
Gd 157.3 34 49,000 000064
6] 16.0 - 483,838.35 .00028 .000005
Total 1,000,034.95 .0036

Neutron production rate {(n/g)/yr}

(X factor = .330) (Total Uppm = 1.9) = 0.63
(Y factor= .099) (Total Th ppm = D = .0099 Calculated
3815 spontaneous fission = 815 in situ secular
equilibrium *CVCl
Total neutron production rate[(w/g)/yr)] = 1.5 ratio (x 1075 = 59
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TableS. Measured and estimated gadolinium concentrations for 56 basalt samples from
the eastern Snake River Plain aquifer.

[Measured gadolinium concentrations taken from Knobel and others (1995). Estimated gadolinium concentrations
calculated with equations 2-5 in text. ppm, parts per million by weight]

Measured gadolinium Estimated gadolinium Measured gadolinium Estimated gadolinium
{ppm) - {(ppm ) (ppm ) (ppm )
11 10 8.1 7.8
11 10 78 : 7.7
9.8 92 7.6 7.6
9.2 9 7.7 7.1
9.8 92 7.3 7.4
9.2 9.1 7.8 7.6
8.4 79 7.6 7.1
7.6 6.8 14 13
9.6 7.3 10 9.7
7.6 84 9.6 9.1
7.4 7.1 9.9 9.3
72 7.0 o 11 9.7
6.6 v 6.8 9.2 9.1
6.7 6.3 7.6 72
4.6 55 7.1 7.0
5.8 4.7 5.6 5.3
7.4 ' 6.2 66 6.3
7 7.0 5.5 5.3
8 7.0 ' 6.9 6.5
7.2 7.5 ' 7.2 6.5
63 6.6 7.6 7.1
6.6 6.1 6.9 6.4
6.1 6.2 6.4 6
6.7 6.3 6.6 6.3
7 6.4 6.5 6.3
6.4 6.7 6.6 6.4
89 7.1 3.8 37

78 8.1 ' ‘ 39 3.8

Measured mean and associated uncertainty, 7.7 = 1.8 ppm.
Estimated mean and associated uncertainty, 7.3 + 1.7 ppm.
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Table 6. Calculated thermal neutron cross sections for neutron absorption, total neutron
production rate, in situ secular equilibrium chlorine-36/chlorine (*°Cl/CI) ratios, and
equilibrium chlorine-36 concentration in the rock matrix, eastern Snake River Plain
aquifer.

[Sample locations are shown on figure 1; cm%g, square centimeters per gram; Cl, chlorine; cm’, cubic centimeters;
K, potassium; <, less than]

In situ secular  In situ secular

Total neutron equilibrium equilibrium Equilibrium
Thermal  production rate  >*CV/Cl ratio *¥CYCl ratio *Cl in rock
Sample identifier neutron cross (neutrons/ due to due to matrix
and section gram of BCln,y) *CI ¥K(n,0) *Cl (*x10°
rock type (em*/g) rock/year) (%105 (%1015 atoms/em)
Igneous
SP-5, thyolite 0.0085 19 32 0.02 33
SP-6, thyolite .0084 19 32 .02 33
SP-7, thyolite .0080 20 37 .009 94
SP-8, thyolite 0078 22 41 .008 12
SP-9, opal deposit in rhyolite .0069 13 26 .05 11
SP-10, rhyolite .0082 20 35 .02 3.6
SP-13, rhyolite .0072 16 33 .02 33
SP-15, basalt .0094 29 45 .005 10
SP-16, basalt .0077 23 4.2 .0005 .19
SP-17, rhyolite .0093 29 45 .03 48
SP-18, basalt .0069 1.8 37 .0007 .08
SP-19, basalt .0077 1.7 33 .0004 15
SP-20, basalt .0165 2.5 1.4 .0008 13
SP-21, basalt 0113 82 10 .005 92
SP-22, basalt 0076 4.7 9.1 - 01 20
SP-23, rhyolite .0083 19 34 .02 3.6
Sedimentary
SP-1, limestone .0036 1.5 5.9 .00002 25
SP-2, limestone .0037 1.9 7.5 .00002 .65
SP-3, limestone .0037 22 8.6 .00001 .55
SP-4, dolomite .0029 3 1.6 .000001 28
SP-12, limestone .0037 1.8 7.1 .00002 .61
SP-25, shale .0120 7.5 9.1 .0006 12
SP-26, limestone .0042 32 11 <.000001 72
Metamorphic
SP-11, quartzite .0048 2.1 64 007 30
SP-24, quartzite - .0035 4 1.5 .0003 .007
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Table 7. Calculated thermal neutron cross sections for neutron absorption, total neutron
production rates, and in situ secular equilibrium chlorine-36/chlorine (**CV/CI) ratios for
rock types of average composition, eastern Snake River Plain aquifer.

[U, uranium; Th, thorium; ppm, parts per million by weight; cm®/g, square centimeters per gram; A,
the values for the Snake River Plain shale represent only one sample and are not an average; *, data not
available from Parker (1967)]

Total neutron In situ secular
Number U Th Thermal neutron production rate equilibrium
of content  content cross section (neutrons/ gram of 3CYCl ratio
Rock type samples  (ppm) (ppm) (cm*/g) rock/ year) (x 10

Basalt: Average
composition, Snake 7 1.14 3.03 0.0096 3.44 5.2
River Plain, this study
Basalt: Average
composition from * 1.00 4.00 .0073 3.68 73
Parker (1967)
Rhyolite: Average
composition, Snake 9 596 241 .0081 19.64 333
River Plain, this study
Rhyolite: Average
composition, from *
Parker for felsic 3.5 18 0069 14.62 30.7
granite (1967)
Carbonate: Average
composition, Snake 6 235 019 0036 1.81 7.0
River Plain, this study ) ) ’
Carbonate: Average
composition, from * 22 1.7 .0039 246 9.1
Parker (1967)

A Shale: Snake River
Plain, this study 1 2.6 9.07 0120 7.49 9.1
Shale: Average
composition, from * 32 11.0 .0098 9.27 13.7
Parker (1967)
Quartzite: Average
composition, Snake 2 0.85 2.12 .0042 1.26 4.0
River Plain, this study
Quartzite: Average
composition, from *
Parker for sandstone 45 1.7 .0061 0.73 1.7
(1967)
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Table 8. Maximum calculated equilibrium chlorine-36 (36Cl) and associated total chloride
(CI') concentrations in ground water from in situ production due to neutron activation of

stable chlorine-35 for six rock types from the eastern Snake River Plain aquifer.

[Sample locations are shown on figure 1. Source of data: rock density data from Dobrin (1976); percent porosity
from Freeze and Cherry (1979); rock chloride content from U.S. Geological Survey Isotope Laboratory except
values marked with an asterisk (*), which are from Parker (1967, table 19, p. D13-D14); maximum measured
chloride content of ground water from R.C. Bartholomay (U.S. Geological Survey, written commun., 2000). Cl,
chlorine; atoms/L, atoms per liter; g/cm®, grams per cubic centimeter; g/L, grams per liter; mg/kg, milligrams per
kilogram; mg/L, milligrams per liter. See text for explanation of the total transfer of *°Cl and Cl from rock to ground

water and maximum corrected in situ *°Cl contribution to ground water]

Total Maximum
transfer of corrected in
3CI from Total situ **C1
rock to transfer of  Maximum contribution
Chloride ground CI from rock ambientCI"  to ground
Sample identifier Rock content in water to ground content of water
and density Percent rock (atoms/L water ground (atoms/L
rock type (g/em®) porosity  (mg/kg) x 10% (g/L) water (mg/L) x 10°)
Igneous ‘
SP-5, thyolite 251 1 *240 326 60.24 10 54.2
SP-6, rthyolite 2.51 1 *240 329 60.24 10 54.5
SP-7, thyolite 2.51 1 600 942 150.60 10 62.5
SP-8, rhyolite 2.51 1 700 1,210 175.70 10 69.1
SP-9, opal deposit in rhyolite 2.51 1 *10 11.2 2.51 10 44.7
SP-10, rhyolite 251 1 *240 360 60.24 10 59.8
SP-13, rhyolite 251 1 *240 334 60.24 10 55.4
SP-15, basalt : 2.61 5 *50 1.98 2.61 10 7.59
SP-16, basalt 2.61 5 100 3.73 522 10 7.15
SP-17, thyolite 2,51 1 *240 481 62.64 10 76.8
SP-18, basalt 2.61 5 *50 1.65 2.61 10 6.32
SP-19, basalt 2.61 5 100 2.90 522 10 5.56
SP-20, basalt 2.61 5 200 2.55 10.44 10 245
SP-21, basalt 2.61 5 200 184 10.44 10 17.7
SP-22, basalt 2.61 5 *50 4.03 2.61 10 15.5
SP-23, rhyolite 2.51 1 *240 358 62.64 10 57.1
Sedimentary
SP-1, limestone 2.54 1 100 252 25.40 15 14.9
SP-2, limestone 2.54 1 200 65.0 50.80 15 19.2
SP-3, limestone _ 2.54 1 *150 - 55.4 38.10 15 21.8
SP-4, dolomite 2.7 1 400 27.6 101.60 15 4.08
SP-12, limestone 2.54 1 200 61.2 50.80 15 18.1
SP-25, shale 242 1 *3000 1,170 762.00 15 23.1
SP-26, limestone 2.54 1 *150 71.8 38.10 15 28.3
Metamorphic
SP-11, quartzite 2.74 1 100 29.8 27.40 15 16.3
SP-24, quartzite 2.74 1 *10 0.712 2.74 15 3.90
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