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CONVERSION FACTORS AND VERTICAL DATUM

Muitiply by to obtain
centimeter (cm) 0.3937 mch
hectare (ha) 2471 acre
kilogram (kg) 2.205 pound
kilometer (km) 0.6214 mile
liter (L) 1.057 quart
meter (m) 3.281 foot
atoms per square meter (atoms/m?) 0.09290 atoms per square foot
milligram per square meter per year (mg/m%/yr) 2.37x10°° pound per square foot per year
millimeter (mm) 0.03937 inch
square meter (m?) 10.76 square foot
degrees Celsius (°C) 1.8 then add 32 degrees Fahrenheit

Sea level: In this report “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)—a geodetic

datum derived from a general adjustment of the first-order level nets of both the United States and Canada, formerly called Sea

Level Datum of 1929.
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Using Chloride and Chlorine-36 as Soil-Water Tracers
to Estimate Deep Percolation at Selected Locations
on the U.S. Department of Energy Hanford Site,

Washington

By Edmund A. Prych

Abstract

Knowledge of rates at which water from precip-
itation percolates through soils and sediments at the
U.S. Department of Energy Hanford Site is critical for
assessing the environmental risks of buried waste and
for selecting appropriate strategies for storage and re-
mediation. Two methods, a chloride mass-balance
method and a chlorine-36 (3*Cl) isotope bomb-pulse
method, were tested for estimating long-term average
rates of deep percolation at the site. Deep-percolation
rates were estimated by the chloride mass-balance
method at 13 locations in 6 areas with natural vegeta-
tion, and by the bomb-pulse method at 1 location in
each of 4 of the areas. Estimated rates are a small
fraction of precipitation. Mean annual precipitation on
the test areas of the Hanford Site, which is located in
semiarid south-central Washington, ranges from about
160 to 210 mm/yr (millimeters per year). Because the
bomb-pulse method typically gives an upper limit of
the deep-percolation rate and the mass-balance meth-
od may underestimate the rate, the estimates by the
two methods probably bracket actual rates.

Estimates of deep percolation by the mass-bal-
ance method range from 0.008 to 0.11 mm/yr at four
locations in two areas covered with more than 4
meters of silt-loam soils and vegetated with sagebrush
and other deep-rooted plants and sparse shallow-rooted
grasses. Estimated upper limits by the bomb-pulse
method at one location in each of these same two ar-
eas are 2.1 and 3.4 mm/yr. Rates estimated by the
mass-balance method range from 0.012 to 0.30 mm/yr
at five locations in three areas where the soils consist
of about 0.6 meter of loamy sand or sandy loam over-

lying tens of meters of sand and gravel and which
have vegetal covers similar to the two areas with deep
silt-loam soils. The upper limit estimated by the
bomb-pulse method for one location in one of these
three areas is 2.6 mm/yr. Estimates of deep percola-
tion by both methods for the two areas with deep silt-
loam soils are within the range of estimates by
previous investigators that used independent methods
and data for areas at Hanford with similar soil and
vegetal covers. However, the estimates for the three
areas with loamy sand or sandy loam soils are less
than estimates by previous investigators.

Rates estimated by the mass-balance method
at four locations in an area with 0.6 meter of loamy
sand overlying about 9 meters of sand and with a
vegetal cover consisting of only sparse shallow-rooted
grasses range from 0.39 to 2.0 mm/yr. These estimates
are higher than estimates by this method for locations
in the five areas with deep-rooted plants; however,
they still are at the lower end of the range of estimates
for this area by other investigators. The 36Cl data
collected at one location in this area were not from
sufficient depth to define the entire anthropogenic
36(l profile. These data, when used with the bomb-
pulse method, were sufficient only to determine that
the upper limit of deep percolation probably is greater
than 5.1 mm/yr.

Estimated atmospheric chloride deposition
rates, which are obtained from observed ratios of nat-
ural chlorine-36 to total-chloride (**Cl/Cl) (ratios in
deep soil water older than the oldest anthropogenic
36C1), range from 33 to 39 milligrams per square
meter per year. These rates are equal to or greater than
twice that due to precipitation alone. Average natural
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36C1/Cl ratios in profiles at different locations ranged
from 735x10715 to 876x10715,

Inventoried amounts of anthropogenic *Cl sug-
gest that most of the anthropogenic 6Cl that was ob-
served in this study is from 1950’s nuclear-weapons
tests in the Pacific Ocean, as is assumed when using
the bomb-pulse method, and not from operations at
Hanford. Inventoried amounts at the three locations
where the entire anthropogenic 35Cl profile was de-
fined range from 1.1x10'? to 2.5x10'? atoms per
square meter. These amounts are similar to amounts
found by other investigators at sites in the arid south-
western United States that are not near local anthropo-
genic sources of 3Cl.

Observed depths to the centroids of mass of an-
thropogenic Cl ranged from 1.06 to 1.50 meters at
the three locations with deep-rooted vegetation, and
the depth was greater than 3.46 meters at the location
with only shallow-rooted grass vegetation. At each of
the former three locations, depths to the centroid and
the peak 36Cl concentration were greater than the
depth at which the 6CI/Cl ratio was a maximum; the
age of soil water (estimated using chloride mass-bal-
ance calculations) at the depth of the centroid was
much older than the period of bomb testing. These in-
consistencies may be caused by differences in the rate
of vertical movement of water and chloride within
different flow paths at a given depth. Because of these
differences the mass-balance method probably under-
estimates percolation rates at some locations.

INTRODUCTION

Radioactive materials for military or civilian
applications have been processed, stored, used, or dis-
posed of at the U.S. Department of Energy Hanford
Site (fig. 1) in semiarid south-central Washington
since 1944, Former names for this facility include
Hanford Works, Hanford Reservation, and Hanford
Nuclear Reservation. As a result of activities at this
facility, the soils and unsaturated sediments at the
Hanford Site contain a wide variety of radioactive and
other inorganic and organic wastes. A fundamental
concern influencing plans for environmental remedia-
tion and designs of storage facilities for hazardous
materials at the Hanford Site is that water from pre-
cipitation percolating through the soils and sediments
may transport hazardous materials to the underlying

unconfined aquifer, which discharges to the Columbia
River. Quantifying the rates at which water from pre-
cipitation on the land surface moves vertically down-
ward through the soils and sediments toward the
water table is critical for assessing environmental
risks posed by existing wastes, and for selecting ap-
propriate isolation or treatment strategies for storage
and remediation. Because of the long life of some of
the waste materials at Hanford, quantifying percola-
tion rates less than 1 mm/yr may be necessary.

In 1990 the U.S. Geological Survey (USGS) be-
gan a 3-year study to test the applicability of two
methods, the chloride mass-balance and chlorine-36
isotope bomb-pulse methods, for estimating deep-per-
colation rates at the Hanford Site. These methods,
which use total chloride and the chlorine-36 isotope
as soil-water tracers, have been used for estimating
deep-percolation rates at other arid and semiarid sites
in the western United States (Phillips and others,
1988) where deep percolation is only a fraction of a
millimeter per year.

In this report the term “deep percolation” means
the movement of water from the surface to sufficient
depths, usually below the root zone, so that the water
is no longer subject to evapotranspiration. This water
eventually will reach the water table and recharge the
saturated ground-water system. However, the time for
this water to become recharge can vary from a frac-
tion of a year to thousands of years, depending on the
percolation rate and the depth to the water table.

Purpose and Scope

This report presents the results of a study of the
use of a chloride mass-balance method and a chlorine-
36 isotope bomb-pulse method for estimating local
long-term average rates of deep percolation of water
from precipitation at selected locations on the Han-
ford Site. Deep percolation was estimated using the
mass-balance method at a total of 13 locations in 6 ar-
eas. The bomb-pulse method was used for estimates at
one location in each of four of the areas.

The report describes the theory and assumptions
upon which the two methods are based. The different
areas at Hanford where soil samples were collected to
obtain data for making estimates are described along
with the methods used to collect and analyze the sam-
ples. The data needed to make the estimates and sup-
plemental data are presented in graphical form and in

2 Using Chloride and Chlorine-36 as Soil-Watar Tracers to Estimate Deep Percolation, Hanford Site, Washington
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tables. These data include vertical profiles of chloride
concentration in soil water, ratios of chlorine-36 to to-
tal chloride, concentration of chlorine-36 in soil, wa-
ter content, and matric potential. The report uses the
chlorine-36 data to estimate deep percolation by the
bomb-pulse method, and to estimate atmospheric-
chloride deposition rates, which are necessary for use
of the chloride mass-balance method. The chloride-
concentration data are used to estimate deep-percola-
tion rates and ages of soil water by the mass-balance
method. The report also discusses some anomalies in
the data and possible errors in the estimated percola-
tion rates that could be introduced by assumptions
upon which the estimation methods are based.

Previous Work

Gee and others (1992), Rockhold and others
(1990), and Gee (1987) have summarized information
about previous investigations of deep percolation, or
recharge, at the Hanford Site. Previous estimates of
deep percolation were based on direct measurements
with lysimeters, vertical-flux calculations using ob-
served or estimated hydraulic conductivities and wa-
ter-potential gradients, soil-water accounting methods,
or combinations of these methods. The soil-water ac-
counting methods either used field measurements of
the water content of soil and observed meteorological
data in the calculations, or used only meteorological
data and hydraulic properties of the soil. The deep-
percolation rates that were estimated by these various
methods ranged from zero for areas with a thick surfi-
cial layer of fine-grained soil and deep-rooted vegeta-
tion, to nearly all of the annual precipitation (about
160 mm/yr) for areas with coarse-grained soils cov-
ered with a layer of gravel and without vegetation.
The following paragraphs describe some of the previ-
ous studies of deep percolation at Hanford. Additional
information on estimates for specific areas on the
Hanford Site is given in the section “Descriptions of
the Hanford Site and Sampling Areas.”

Smoot and others (1989) used a numerical mod-
el that simulates evaporation at the soil surface and
movement of water in liquid and vapor form in unsat-
urated soil to estimate the quantity of precipitation
that would percolate to depths greater than 2 m. Input
data for the simulations included estimated hydraulic
properties of soil and 10 years of observed daily mete-
orological data. The calculated 10-year average rates
of water movement to a depth of 2 m ranged from 1.8

mm/yr when the soil consisted of a 0.15-m-thick surf-
icial layer of silt loam on top of silty sandy gravel to
155 mm/yr when the surficial layer was clean gravel
instead of silt loam.

Bauer and Vaccaro (1990) used 22 years of dai-
ly meteorological data and soil-moisture accounting
to compute daily changes in water content of soil
within the root zone. They equated changes in water
content to rain plus snowmelt less evapotranspiration
and precipitation intercepted directly by plants. All
soil water in excess of the water-holding capacity of
the soil in the root zone was assumed to become deep-
percolation water. Computed deep percolation was
sporadic and did not occur every year. The 22-year
averages of computed local values of deep percola-
tion, which depended on topography, vegetal cover,
water-holding capacity of the soil, and other factors,
ranged from less than 0.01 to 46 mm/yr (H.H. Bauer,
U.S. Geological Survey, Tacoma, Washington, oral
commun., 1992). The estimated deep percolation was
smallest for deep fine-grained soils with vegetation
and was largest for coarse-grained soils without vege-
tation. The computed average value for the Hanford
Site was about 10 mm/yr.

Rockhold and others (1990) described work
done to estimate recharge in an area on the Hanford
Site that they refer to as the 300 Area Grass Site. This
area, which will be called the Grass Site in this report,
has a sandy soil with only a sparse grass vegetal cov-
er. (See the section “Descriptions of the Hanford Site
and Sampling Areas” for a more extensive description
of this area.) Vertical profiles of soil moisture in 25
holes were monitored for a number of years at this
site using neutron probes. Deep percolation was esti-
mated by a variety of methods. One estimate, ob-
tained from observed changes in soil moisture during
a 12-month period beginning in July 1988, was 8.1
mm/yr. Another estimate, which was obtained by mul-
tiplying an estimated vertical hydraulic conductivity
by an assumed unit gradient in the water potential and
was based on the assumption that percolation rates are
steady at depths greater than about 1.2 m, was be-
tween 0.06 and 28 mm/yr. The large uncertainty in
this estimate was a result of the sensitivity of the cal-
culation to the unsaturated hydraulic conductivity,
which could not be estimated with a high degree of
certainty,

Gee and others (1992) summarized results of in-
vestigations at the Hanford Site that have used lysim-
eters. Observed or calculated deep-percolation rates in
these investigations ranged from zero (less than mea-
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surable) to more than 100 mm/yr. Deep percolation
was greatest in lysimeters with coarse-textured soils
without plants and was least in lysimeters with fine-
textured soils with and without plants. At least five
different groups of lysimeters have been constructed
at different locations using various soils and surface
covers. Sizes of the lysimeters ranged from 0.3 to 3 m
in diameter, and 1.5 to 18 m in depth. In some lysime-
ters deep percolation was estimated by collecting the
drainage at the bottoms of the lysimeters. Other
lysimeters were weighed continuously or periodically,
and percolation rates were obtained from the history
of weight changes and precipitation. In other lysime-
ters water contents were measured periodically with
neutron probes.

An advantage of using lysimeters to estimate
deep percolation is that lysimeters can yield direct
measurements of percolation. Some disadvantages are
that they must be continually operated and maintained
for long periods and the cost can be high. Measured
deep percolation is also only representative of the
period in which the lysimeters are operated; extreme
events that result in unusually large amounts of deep
percolation may not occur during the period of oper-
ation.
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CHLORIDE IN THE ENVIRONMENT

Naturally occurring chloride, the ionic form of
chlorine, consists mostly of the two stable isotopes
35C1 and 37Cl. Their natural abundances are 75.53 and
24.47 percent, respectively. The atomic weight of this
mixture of isotopes is 35.453 (Weast, 1975, p. B-12).
Most chloride salts are highly soluble in water. Major
sources of chloride dissolved in shallow ground wa-
ters are atmospheric deposition, minerals in soil and
rocks, and in some places anthropogenic sources such
as road salts and agricultural chemicals. Atmospheric
chloride can be the predominant source at locations
where sufficient time has passed for water to remove
the chloride from the minerals in the rock and soil and
where there are no anthropogenic sources. The major
source of chloride in the atmosphere is entrainment
from the surface of the ocean. This chloride is re-
turned to the Earth’s surface in precipitation and dry
deposition.

The precipitation-weighted concentration of
chloride in precipitation at the Hanford Site, as esti-
mated from data collected at sites in the National At-
mospheric Deposition Program (National
Atmospheric Deposition Program, 1985-91) is about
0.09 mg/L (fig. 2). Although annual rates of the com-
ponent of atmospheric deposition by precipitation can
be computed by multiplying the observed concentra-
tion of chloride in precipitation by the precipitation
amount, there is no convenient reliable method for di-
rectly determining the dry-deposition component or
the total deposition rate. However, Phillips and others
(1988) described an indirect method that utilizes
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chlorine-36 isotope data for estimating the total depo-
sition rate. This method is described in the section ti-
tled “Atmospheric Chloride Deposition.”

Chlorine-36 (*°Cl) is a rarely occurring radioac-
tive isotope with a half life of about 300,000 years
(Bentley and others, 1986). The typical abundance of
this isotope in shallow ground water is only about one
atom in 10!2. It is produced naturally in the atmo-
sphere by the interaction of cosmic rays and argon,
and in the lithosphere by radiochemical processes
(Bentley and others, 1986). The atmosphere is the
dominant source of 3°Cl in most shallow ground wa-
ters. Andrews and Fontes (1992, fig. 1) modified esti-
mates by Bentley and others (1986) of the rate of
atmospheric production and deposition of 36Cl as a
function of latitude. The estimated rate for the geo-
magnetic latitude of the Hanford Site (north 53 de-
grees) is 15.5 atoms/m?/s.

Andrews and others (1989) stated that neutron
activation of 33Cl is the only in-situ reaction that pro-
duces significant 3Cl in a rock matrix. They found
good agreement between observed neutron fluxes in
Stripa granite and fluxes calculated from concentra-
tions of uranium-238 and thorium-232 in the granite,
and between observed concentrations of 36Cl and cal-
culations based on the neutron flux and observed con-
centrations of 33Cl. An estimated upper limit on the
ratio of the concentration of in-situ-produced 3¢Cl to
total chloride at the Hanford Site can be calculated us-
ing a formula given by Andrews and Fontes (1992, eq.
6) with a neutron flux equal to that in Stripa granite
and a maximum age of the soil water at Hanford of
20,000 years (see the section “Descriptions of the
Hanford Site and Sampling Areas”). This calculated
ratio is 12x10713, It is an upper limit because concen-
trations of uranium-238 and thorium-232 in Stripa
granite (44 and 33 mg/kg, respectively)—and there-
fore neutron fluxes—are a factor of 10 greater than in
most other rocks (Andrews and others, 1989, table 3).
Concentrations in Stripa granite are also considerably
larger than concentrations in most soil samples col-
lected at the Hanford Site. (Concentrations in Hanford
soils were retrieved from the data base described by
Westinghouse Hanford Company, 1991.)

In addition to the naturally produced 3Cl, rela-
tively large amounts of this isotope were created and
introduced into the atmosphere by nuclear-bomb tests
in the Pacific Ocean during the 1950’s. Bentley and
others (1986, fig. 10-18) estimated the time history of
36Cl fallout from these tests (fig. 3). The centroid of
this temporal distribution of fallout is in the year

1957. During the late 1950’s and early 1960’s the at-
mospheric deposition of Cl from the bomb tests was
about 1,000 times that from natural atmospheric pro-
duction. Phillips and others (1988, fig. 2) estimated
the total 36Cl fallout as a function of latitude. (Al-
though not explicitly stated, it appears that in this case
geographic rather than geomagnetic latitude was
used.) The estimated fallout for the geographic lati-
tude of the Hanford Site, north 46.5 degrees, is
2.0x10'2 atoms/m?. However, Phillips and others
(1988) pointed out that an estimate for a particular lo-
cation is only a rough approximation because “fallout
is known to vary greatly as a function of position,
weather, and other factors.”

Measurable amounts of 3°Cl have also been pro-
duced and released to the environment from nuclear-
materials processing facilities. Beasely and others
(1992) collected data on 36Cl in surface water and
ground water near the U.S. Department of Energy Sa-
vannah River Site, South Carolina. They concluded
that the amount of 3Cl deposited on an area within
200 km of the site as a result of past operations at that
site was equal to about half that deposited as a result
of the 1950’s bomb tests. Beasley and others (1993)
also found relatively large 3°Cl concentrations in
ground water on and near the Idaho National Engi-
neering Laboratory and attributed them to activities at
the facility. Abnormally large relative 3°Cl concentra-
tions have also been observed in recent snow samples
downwind from the Idaho facility (L. Dewayne Cecil,
U.S. Geological Survey, Idaho Falls, Idaho, oral com-
mun., 1993). Murphy and others (1991a) summarized
the small amount of available information on the pro-
duction and releases of *Cl at the Hanford Site. They
stated that the amount of 3°Cl that was released to the
environment can be estimated, but that most of it was
discharged to the Columbia River or leaked to the
ground-water system from detention ponds. The only
discharge to the atmosphere would have been from
surfaces of the ponds. They suspected that this
amount was small, but they gave no quantitative esti-
mates.

DERIVATIONS OF ESTIMATION
EQUATIONS

This section derives equations for estimating
deep-percolation rates by the mass-balance and
bomb-pulse methods, and for estimating the rate of
atmospheric deposition of chloride. An equation for
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estimating the age of soil water or chloride by the (1988) estimated the total atmospheric-deposition rate

mass-balance method is also given. at a study site in New Mexico indirectly using ob-
served ratios of 36Cl to total-chloride concentrations
in deep soil water that fell as precipitation before the

Atmospheric Chloride Deposition 1950’s weapons tests and estimated rates of the depo-
_ - sition of 3Cl produced naturally in the atmosphere.
As stated previously, the rate of deposition of They assumed that all chloride isotopes behave identi-
atmospheric chloride by precipitation can be obtfu.ned cally in soil and water, and that the ratio of vertical
by direct measurement, but the rate of dry deposition fluxes of Cl to total chloride by soil water equals the
cannot be measured directly. Phillips and others ratio of concentrations. These assumptions yield
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Figure 3. Estimated fallout of chlorine-36 between 30 and 50 degrees north latitude from atmospheric
nuclear-weapons testing. (Modified from Bentley and others, 1986, figure 10-18.)
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G5 190 = [*C1] /1], =(*c1/Cl)
g = 4, /(**Cl/CI), (1)

where
qc is atmospheric flux of total chloride, in units
of mass per unit area per unit time;
@iy is atmospheric flux of 3Cl, in units of mass
per unit area per unit time;
[CI], is concentration of total chloride in soil water,
in units of mass per unit volume; and
3CU/Clis the ratio [*C1] /[C1],.

Substituting 15.5 atoms/m?/s, the value of g, for
the Hanford Site, into equation 1 gives

(15_5 atoms/ m? /s)x(35.5x103mg/mole)x(31.536><106s/yr)
(6.03x10% atoms/ mole) x (*C1/Cl)

qc1 =

which reduces to

_28.8x10™?mg/m?/yr
qu - 36C1/Cl ) (2)

This equation is used later in this report with
observed values of *Cl/Cl to estimate total atmo-
spheric fluxes of chloride at locations on the Hanford
Site, which in turn are used to estimate deep-percola-
tion rates by the chloride mass-balance method. Note
that the vertical flux of chloride in the soil may differ
from the deposition rate, g, if the deposited chloride
is redistributed by overland flow of precipitation be-
fore it infiltrates.

Chioride Mass-Baiance Method

Eriksson and Khunakasem (1969) demonstrated
how an equation for the mass balance of chloride, to-
gether with data on chloride concentrations in ground
water and long-term average rates of atmospheric
deposition of chloride by precipitation, can be used to
estimate long-term average rates of recharge to an
aquifer. Since then, others (see, for example, Vacher
and Ayers, 1980; Claassen and others, 1986; and Det-
tinger, 1989) have used this method for many differ-
ent types of areas ranging from small oceanic islands
to mountainous drainage basins that range in size
from tens to thousands of square kilometers. Others
(see, for example, Allison and Hughes, 1978; Mattick

and others, 1987; Scanlon, 1991; and Stone, 1987 and
1992) have adapted the method by using chloride con-
centrations in ground water within the unsaturated
zone (soil water) to estimate deep percolation of pre-
cipitation on a local scale. Here and elsewhere this re-
port uses the broad engineering definition of soils; it
includes all unconsolidated sediments in addition to
the chemically and physically modified top 1 or 2 m.

Deep-Percolation Rate

The chloride mass-balance method for estimat-
ing the local rate of deep percolation of precipitation
is based on the hypothesis that all or a known fraction
of chloride in precipitation and dry atmospheric depo-
sition is transported from land surface to the water ta-
ble by the downward flow of liquid water. As water
percolates downward, some evaporates directly or is
taken up and transpired by plants. Where this occurs
the concentration of chloride in soil water increases
with depth because little or no chloride is lost by these
processes. At greater depths, where no evapotranspi-
ration occurs, the chloride concentration should be
uniform if climate, soil, and other conditions near the
surface have been steady for a sufficiently long time.
Chloride concentrations and fluxes of chloride and
liquid water are related through the equation for chlo-
ride flux,

da = [CI]W Qy > (3)

where the local downward flux of chloride per unit
area is assumed to equal the total atmospheric chlo-
ride flux, g.; and g, is the local downward flux of
liquid water per unit area. This equation can be re-
arranged to yield an expression for liquid water flux,

v =4a/[Cl], » C))

To estimate the long-term average deep-perco-
lation rate of water, one needs only to substitute into
equation 4 the long-term average chloride flux and the
concentration of chloride in soil water at a depth
greater than that at which evapotranspiration occurs.
Chloride concentrations can be obtained by laboratory
analyses of soil samples. One may note that if the
chloride flux for equation 4 is obtained by using equa-
tion 1, then the precipitation quantity is not explicitly
used in the computation of the percolation rate.

Implicit in the derivation and uses of equation
4 is the assumption of so-called plug flow. More
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specifically, it is assumed that (1) the direction of wa-
ter flow and chloride transport is vertical and down-
ward, (2) areal distributions of the rate of percolation
of water and of chloride on the local scale (a few
tenths of a meter) are uniform (no preferred path-
ways), (3) all chloride is dissolved in soil water, and
the distribution of the dissolved chloride in the soil
water is relatively uniform within a pore (no solid
chloride phase, sorption by soil, or anion exclusion),
and (4) advection is the dominant mode of chloride
transport, and diffusion is relatively unimportant. The
last assumption is valid when either the diffusion co-
efficient or the vertical gradient of the chloride con-
centration is sufficiently small. Additional
assumptions are that (5) minerals in the soil are not a
source of chloride, and the only source is precipitation
and dry atmospheric deposition, and (6) observed
chloride concentrations are at depths great enough so
that seasonal variations in concentration are small.
The method may still be valid if chloride is taken up
by growing vegetation as long as it is also released by
decaying vegetation at the same rate.

One should note that water flux, g, that is cal-
culated with equation 4 does not include the compo-
nent of water flux in vapor form because chloride is
not volatile and will not move in the vapor phase.
Consequently, equation 4 may underestimate or over-
estimate the net flux of water, depending on the direc-
tion of net vapor flux. However, because it is the
movement of water in liquid form that transports sol-
utes through the soil profile, often it is this liquid
component that is most important for assessing the
risks associated with buried wastes.

Age of Soill Water

An average age of chloride or water, a, at any
depth z, can be estimated by dividing the mass of
chloride in soil water above that depth by the atmo-
spheric-chloride deposition rate,

a=—["(Wr100) [C1], S, dz,

da °°

&)

where

W is water content of the soil, in percent of dry
weight;

is bulk density of dry soil divided by the den
sity of water; and

z is depth below land surface.

S

Assumptions implicit in equation 5 are the same as in
equation 4.

Chlorine-36 Bomb-Puise Method

The bomb-pulse method for estimating deep
percolation uses as a tracer the relatively large
amounts of 3Cl fallout from nuclear-weapons testing
in the Pacific Ocean during the 1950’s. When 36Cl is
dissolved in precipitation that infiltrates the land sur-
face, the anomalously large concentration of 36Cl in
soil water provides a time marker on the downward
percolating water. The quantity of water in the soil
profile shallower than some depth to where concentra-
tions of 3Cl are elevated is the quantity of water that
has infiltrated the ground since the time when the fall-
out occurred and has not yet been lost by evapotrans-
piration. Therefore, an upper limit on the average rate
of deep percolation of precipitation from the period
between the time of fallout and the time of sampling
can be calculated as

lm
jo (W/100) S, dz

q, <
i Io~1ln ’

©)

where

is the depth to some characteristic point on the
profile of elevated 3¢Cl concentrations;
t, is the time when the vertical profile was
observed; and
t,, is some characteristic time on the temporal
distribution of 36Cl fallout from the bomb
tests.

Z

m

The calculated value is an upper limit because
soil water near the surface may be subject to addition-
al evapotranspiration before moving deeper (see Tyler
and Walker, 1994). Although 3¢Cl is radioactive and
its decay properties have been used to date ground
waters more than 50,000 years old (see, for example,
Bentley and others, 1986), the half life of 36Cl (about
300,000 years) is so much greater than time scales in
the present investigation that 36Cl is treated as a con-
servative substance and the decay properties of the
isotope are not used.

Previous investigators who have used bomb-
36Cl in studies of deep percolation include Trotman
(1983), Norris and others (1987), Phillips and others
(1988), and Scanlon and others (1990). Typically,
these investigators have used the depth to where
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36C1/Cl is a maximum or the depth to the centroid
(center of mass) of bomb-3¢Cl for z . 88 a measure of
the distance that water has percolated since the bomb
tests. Centroids are used for both z, and ¢, in the cur-
rent study. However, one should be aware that al-
though the use of peaks, centroids, or medians may
have intuitive appeal, the general use of none of these
measures of central tendency can be justified theoreti-
cally, especially when there is diffusion or when the
percolation velocity is a function of depth. A nearly
certain (and larger) estimate of the upper limit of deep
percolation can be obtained if the maximum observed
depth of bomb-3¢Cl is used for z,,. However, use of
this maximum depth probably would produce an ex-
cessively high upper limit.

Phillips and others (1988; see also Mattick and
others, 1987) used data on the vertical distributions of
36Cl as well as tritium from bomb tests and of total
chloride to deduce information on the vertical move-
ment of water through desert soils. They found that
most of the 36Cl from bomb tests was in the upper 2 m
of the soil profile but that the tritium from bomb tests
had moved deeper than 3¢Cl even though the bomb
tests that produced most of the tritium took place
about 10 years after the tests that produced the 36Cl.
Scanlon (1992) also obtained vertical profiles of 36C,
tritium, and total chloride in soil water at a site in an
arid environment. She found that most 3Cl from
bomb tests was in the upper 1 m of soil and that tri-
tium had moved downward nearly twice as far.

Several possible reasons for the differences in rates
of movement for tritium and 3¢Cl have been suggested
by Scanlon (1992) and by others. One is that there is
a net downward flux of water in vapor form, which
transports tritium but not chloride.

An important assumption in the bomb-pulse
method is that the 1950’s bomb tests are the prime
source of anthropogenic 3°Cl. As was mentioned in a
previous section, releases of *Cl to the atmosphere
from operations at Hanford are suspected to have
been small; however, elevated concentrations of 36Cl
in the environment near two other nuclear-material
processing facilities have been attributed to operations
at those facilities. Consequently, 3Cl data collected at
the Hanford Site must be examined to determine if
they are affected by fallout from operations at Han-
ford. Fortunately, most of the activities at Hanford
that might have resulted in releases of 36Cl probably
took place during approximately the same period as
the bomb tests and therefore probably would not af-
fect deep-percolation estimates made by this method.

DESCRIPTIONS OF THE HANFORD SITE
AND SAMPLING AREAS

The Hanford Site occupies 1,450 km? of land
adjacent to the Columbia River in semiarid south-
central Washington (fig. 1). The site is adjacent to and
northwest of the city of Richland. The southwestern
border of the site is along the ridge of the Rattlesnake
Hills. Nearly all activities relating to radioactive ma-
terials on the Hanford Site have been limited to the
900-km? area south of the river and east of Cold
Creek Valley (State Route 240). Lands north and east
of the river, but within the site boundaries, are wildlife
areas that are managed by Federal and State agencies,
and land southwest of State Route 240 is designated
as the Arid Lands Ecology Reserve (ALE). The de-
scriptions that follow are mostly of the area south and
west of the Columbia River.

The topography of the Hanford Site between
Cold Creek Valley and the Columbia River is that of a
terraced plain with land-surface altitudes that range
from about 100 m above sea level at the river to about
250 m in the northwestern part of the Site. Gable
Mountain, a basalt ridge, protrudes about 150 m
above the terrace surface. Southwest of Cold Creek
Valley, land-surface altitude increases from about
160 m in the valley up to about 1,000 m on the ridges
of the Rattlesnake Hills.

Geology

Numerous reports on the geology of the Han-
ford Site have been written to provide information to
the operators and overseers of the site. Among them
are the reports by Newcomb and others (1972) and by
Delaney and others (1991). Much of the following de-
scription is taken from these two reports.

The Hanford Site lies in the Pasco Basin, a
broad syncline in the Columbia River Basalts of Mi-
ocene age. In some places the upper surface of these
rocks is as much as 240 m below land surface, but
they are exposed at land surface in the ridge that pro-
trudes above the terraces and in the hills along the
southwestern and western boundaries of the site.

The basalts are overlain in most places by the
Ringold Formation, a sequence of late Miocene to
Pliocene unconsolidated sedimentary strata consisting
largely of silt, sand, gravel, and volcanic ash. This for-
mation is exposed on the Hanford Site only on the
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north side of the Columbia River. The upper surface
of this formation is as much as 65 m below the sur-
face of the terraced plain, and locally its maximum
thickness is about 180 m.

The informally named Hanford formation of
Brown and Isaacson (1977), hereafter referred to sim-
ply as the Hanford formation, is the predominant for-
mation exposed at land surface on the site. Units in
this formation consist mostly of unconsolidated sedi-
ments deposited by the Columbia River during a se-
ries of catastrophic floods that occurred when
upstream ice dams breached during the middle to late
Pleistocene. The last of these floods occurred about
13,000 years ago. The Pasco gravels, an informally
named unit within the Hanford formation, consists of
upper Pleistocene glaciofluvial and fluvial sands and
gravels. In most places they overlie the Ringold For-
mation and are exposed at land surface on most of the
terraced lands between the Columbia River and Cold
Creek Valley. The river terraces were formed in the
Hanford formation. The material of this formation is
usually reworked by wind where it is exposed, and in
some places the material is formed into sand dunes.
The Pasco gravels are commonly 15 to 30 m thick but
may be as much as 60 m thick in some places. Both
the Pasco gravels and the Ringold Formation termi-
nate where they butt against the Rattlesnake Hills. In
the vicinity of the 200-West Area (fig. 1) other sedi-
mentary units separate the Pasco gravels and Ringold
Formation.

The Touchet beds of Flint (1938), another infor-
mally named unit within the Hanford formation, con-
sist of silt and fine-sand glaciolacustrine deposits.
These sediments mantle the slopes of the Rattlesnake
Hills up to altitudes of about 350 m. Alluvial and col-
luvial deposits of Holocene age are found at land sur-
face along the Columbia River and in Cold Creek
Valley.

Surficial Soils

The surficial soils of an area that includes the
present Hanford Site were described and mapped by
Kocher and Strahorn (1919). Hajek (1966) used this
information plus areal photographs and information
from more recent soil surveys of adjacent areas to pre-
pare a map of soils on that part of the Hanford Site
that is south of the Columbia River. Most of the soils
southwest of Cold Creek Valley are silt loams formed
on deposits of the Touchet beds of Flint (1938) or

fine-grained wind-blown deposits. Most of the surfi-
cial soils in the area between Cold Creek Valley and
the Columbia River are sandy loams, loamy sands, or
sands formed on materials derived from the Pasco
gravels.

Climate and Hydroiogic Setting

Stone and others (1983) gave an extensive de-
scription of the climate at Hanford. Much of the fol-
lowing description is from their report. Long-term
annual average precipitation at the Hanford Meteoro-
logical Station, which is located on the terraced lands
near the 200-West Area (fig. 1), is about 160 mm/yr.
Precipitation at Richland, approximately 50 km to the
southeast, is about 170 mm/yr (calculated with data in
National Oceanic and Atmospheric Administration,
1990). Precipitation on the slopes of the southwest-
bordering Rattlesnake Hills increases with land-sur-
face altitude to a maximum of about 280 mm/yr.
About 44 percent of the annual precipitation on the
terraced plains falls during the three months Novem-
ber through January, while only 12 percent occurs in
the months July through September. About 38 percent
of the precipitation from December through February
is snow. The monthly mean daily temperature for July,
the warmest month, is 24.7°C (degrees Celsius), and
the monthly mean for January, the coldest month, is
-1.5°C. Daily maximum temperatures exceed 32°C on
more than half the days in both July and August. The
mean annual potential evapotranspiration at the Han-
ford Site exceeds 1,000 mm/yr (Bauer and Vaccaro,
1990), which is many times precipitation.

Except for the Columbia River, flow in most
stream channels on the Hanford Site is ephemeral.
Perennial flow occurs in a few locations downstream
from springs on the slopes and at the base of the Rat-
tlesnake Hills; however, this water seeps into the
channel bottoms, and the channels are normally dry
within 2 or 3 km downstream of the springs. Runoff
of precipitation into most stream channels occurs only
sporadically and does not occur every year. Most peri-
ods of runoff are the result of rapidly melting snow or
short, intense summer storms on rocky land in the
southwestern bordering hills. Even during most peri-
ods of runoff the water in the channels seeps into the
ground before or a short distance after the channels
reach the terraced plain.

Depth to ground water typically is about 30 m
over much of the terraced plain, but it is as much as
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100 m below land surface at the west end of the plain
and reduces to near 0 m along the Columbia River.

Vegetation

The natural vegetal cover over the Hanford Site
consists mostly of small shrubs with an understory of
grasses. The most common shrubs are sagebrush (Ar-
temesia tritentata), bitterbrush (Purshia tridentata),
and rabbitbrush (Chrysothamnus nauseouses), with
some hopsage (Grayia spinosa). The common grasses
are cheatgrass (Bromus tectorum), an annual species
that was introduced into eastern Washington during
the 1800’s, and Sandberg bluegrass (Poa sandbergii),
a native perennial bunchgrass (U.S. Department of
Energy, 1987, p. 4.23). Root depths of grasses tend to
be relatively shallow, a few tenths of a meter, whereas
the roots of shrubs, such as sagebrush, can extend a
few meters below land surface.

Descriptions of Sampling Areas

This section gives brief descriptions of each of
the six sampling areas. Their locations are shown on
figure 1, and information about each area is summa-
rized in table 1. Additional information about these
areas and the methods of collecting samples in them is
given in the section “Methods of Sample Collection
and Analysis.” Each sampling area is given a local
name, such as Benson Springs, and a three-character
identifier, such as FO1. The local name relates the
sampling area to previously named features or study
areas on the Hanford Site. The three-character identi-
fier is unique to this study and is used on most figures
and tables. The letter F or C indicates the predominant
texture of the subsurface soil in the area, fine or
coarse, respectively, and the number that follows is a
sequence number.

All study areas were in a nearly natural state,
were only minimally affected by anthropogenic activi-
ties, and were populated with natural vegetation.
However, the vegetation on one of the areas once had
been killed by wildfire.

Area FO1, Benson Springs

The Benson Springs sampling area (fig. 1, FO1)
is on an alluvial fan on the lower slopes of the Rattle-
snake Hills at an altitude of about 300 m. Precipita-

tion on this area, estimated from the data in Stone and
others (1983), is about 210 mm/yr. This quantity is
about one-third greater than on each of the other sam-
pling areas because of the higher altitude of this area.
Land surface in the vicinity of the area has a slope of
about 5 percent; however, the sampling locations in
this study were on local flats. The vegetation consists
mostly of sagebrush, with other deep-rooted plants
plus sparse grass. The soils are silt loams. Details on
the maps of Hajek (1966) and of Kocher and Strahorn
(1919) are sufficient only to determine that the soils
are one or more of the following series: Lickskillet silt
loam, Ritzville silt loam, Scooteny stoney silt loam, or
Warden silt loam. The parent materials for these soils
are the lacustrine deposits of the Touchet beds of Flint
(1938), but the surface has been reworked by wind
and water. The thickness of these deposits and the
depth to the water table in the area are unknown.
However, rocks prevented augering deeper than about
4.5 m at three locations, and water was not encoun-
tered in any of the sampling holes, the deepest of
which was 4.8 m. A map by Kasza and others (1991)
shows the water table in the vicinity of this area to be
below the top of the basalts that underlie the sedi-
ments.

This area is also the location of a pair of lysime-
ters (referred to as the ALE lysimeters by Gee and
others, 1992) that were operated by Pacific Northwest
Laboratories. Both lysimeters were cubes approxi-
mately 1.5 m on a side. Each contained undisturbed
local soil, but one was vegetated with sagebrush and
the other with bunchgrass. No drainage was observed
from the bottom of either lysimeter during the 4 years
that they were monitored. The deep percolation esti-
mated for this area by Bauer and Vaccaro (1990) was
less than 0.1 mm/yr (H.H. Bauer, U.S. Geological
Survey, Tacoma, Wash., oral commun., 1993).

Area F02, McGee Ranch

The McGee Ranch sampling area (fig. 1, FO2)
is near the base of the Rattlesnake Hills on the west-
ern border of the terraced lands. Land-surface altitude
is about 245 m. Data from Stone and others (1983) in-
dicate that precipitation on this area is about the same
as at the Hanford Meteorological Station (160 mm/
yr). The soil is Warden silt loam (Hajek, 1966), and
the underlying sediments are the Touchet beds of Flint
(1938). The land surface at the sampling locations is
uneven, with sagebrush plants on 0.3-m-high hum-
mocks. The soil between the hummocks is populated
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Table 1. Summary descriptions of sampling areas and test holes

[Test-hole identifier beginning with the letter T denotes dug trench; letter B denotes bored hole. Soil DS indicates silt loam more than
4 meters thick; SG denotes about 0.6 meters of loamy sand or sandy loam overlying tens of meters of sand, gravel, and cobbles; and
SS denotes about 0.6 meters of loamy sand overlying about 9 meters of clean sand. Vegetal cover B denotes sagebrush plus other deep-

rooted plants and sparse grass; and G denotes only sparse grass]

Land- Maximum
surface sample

Sampling area and 36C1 data altitude depth Vegetal Sample-
test-hole identifiers collected (meters) (meters) Soil cover collection dates
FO01, Benson Springs DS B

TOl1 no 302 3.05 05/18/90

TO2 yes 300 4.19 05/18/90, 04/23/91
F02, McGee Ranch DS B

TO3 yes 247 4.60 05/19/90, 04/23/91

T04 no 247 4.72 05/19/90 to 05/20/90
C01, Liquid Effluent Recovery Facility SG B

B10 no 182 427 06/21/90 to 07/11/90

B12 no 182 48.8 07/20/90 to 08/03/90
C02, Grass Site SS G

B14 no 134 9.14 09/25/90 to 09/26/90

B15 no 134 8.81 09/26/90

B16 no 134 897 09/27/90

B19 yes 134 927 11/19/91 to 11/20/91
C03, 200-BP-1 Operable Unit SG B

B17 no 169 394 09/27/90 to 10/19/90

B18 no 169 39.6 10/02/90 to 10/19/90
C04, C-018H Characterization SG B

B20 yes 204 19.8 10/17/91 to 01/16/92

with sparse grass and contains desiccation cracks in
many locations. Sampling locations in this study were
between the hummocks. Although water was not en-
countered in any of the sampling holes, which had a
maximum depth of 4.7 m, the land 300 m east of the
sampling locations is 5 to 10 m lower and is marshy
during parts of the year. A water-table elevation map
by Kasza and others (1991) indicates that the water
table is about 100 m below land surface.

Soil from this sampling area was excavated for
use in two groups of lysimeters operated by Pacific
Northwest Laboratories. The depth of soil in these
lysimeters, which Gee and others (1992) refer to as
FLTF and STLF, ranged from 1.5 to 1.7 m. No drain-
age was observed from these lysimeters when the sur-
face was bare or populated by sagebrush, even when
natural precipitation was augmented by irrigation at a
rate equal to that of precipitation. However, when a
bare silt-loam soil was covered with a thin layer of
gravel, drainage quantities from the unirrigated and ir-
rigated lysimeters were about one-half precipitation

and precipitation plus irrigation, respectively. The es-
timate by Bauer and Vaccaro (1990) of deep percola-
tion for this area was less than 0.1 mm/yr (H.H.
Bauer, U.S. Geological Survey, Tacoma, Wash., oral
commun., 1993).

Area CO01, Liquid Effluent Recovery Facility

The liquid-effluent-recovery-facility sampling
area (fig. 1, CO1) is on terraced lands adjacent to the
east side of the Hanford 200-East Area. Precipitation
is probably nearly the same as at the Hanford Meteo-
rological Station (160 mm/yr). Local topography has
relatively low relief and is similar to other sampling
areas on the terraces. Vegetation is primarily sage-
brush with sparse grass and is also typical of that
found on most of the terrace lands. However, the veg-
etation and upper few inches of soil were scraped off
this area a few months before samples were collected.
The surficial soil is either Burbank loamy sand or
Ephrata sandy loam about 0.6 m thick. Information
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given by Connelly and others (1992) indicates that the
geologic sequence consists of about 60 m of sand and
gravels of the Hanford formation (Pasco gravels) di-
rectly overlying basalt. In December 1991 the water
table was only a few meters above the top of the ba-
salt (Connelly and others, 1992). However, about 300
m south of the sampling locations an open channel
drains waste water from the 200-East Area to a pond
about 1 km to the east. Water-surface elevations in the
channel and pond are about 2 to 10 m lower than the
altitude of land surface in the sampling area

Bauer and Vaccaro (1990) estimated that long-
term deep-percolation rates for sagebrush-covered
areas on the terraced lands, such as sampling areas
C01, C03, and C04, range from about 2.5 to 10 mm/yr
(H.H. Bauer, U.S. Geological Survey, Tacoma, Wash-
ington, oral commun., 1993). Rates varied with esti-
mated water-holding capacity of the surficial soil.

Area C02, Grass Site

The Grass Site sampling area (fig. 1, C02) is on
the terraced lands in the southeastern part of the Han-
ford Site at an altitude of about 135 m. Precipitation
on this area is probably more similar to that at Rich-
land (170 mm/yr) than at the Hanford Meteorological
Station. The soil in this area was classified by Hajek
(1966) as Rupert sand, but since then this soil has
been renamed Quincy sand. The soil profile consists
of about 0.6 m of loamy sand underlain by about 9 m
of relatively clean sands. Gravel was encountered at a
depth of about 9 m in each of four holes that were au-
gered at this site as part of the current study. However,
gravel was not encountered at a depth of 3.4 m as re-
ported by Rockhold and others (1990).

The topography in the vicinity of the sampling
area is rolling but is relatively flat at the sampling lo-
cations. Present vegetation consists of annual and pe-
rennial grasses with an absence of shrubs or other
deep-rooted plants. Gee (G.W. Gee, Pacific Northwest
Laboratories, Richland, Wash., oral commun., 1993)
suggested that sagebrush likely vegetated the area at
one time but was killed by a wildfire at some un-
known date before December 1982, when PNL began
to monitor soil moisture at the site, but has not grown
back as it has in other places. A wildfire in August
1984 removed all surface vegetation from the area;
however, grasses reestablished themselves within a
few months, and the area has been grass covered to
the present (1993). A water-table elevation map by

Kasza and others (1991) indicates that depth to the
water table is about 15 m.

Estimates of recharge in this area by personnel
of Pacific Northwest Laboratories (Rockhold and oth-
ers, 1990) were discussed in the “Introduction” sec-
tion. These estimates ranged from 0.06 to 28 mm/yr.
Bauer and Vaccaro (1990) estimated that the long-
term average deep-percolation rate for an area on the
terraced lands with sandy soil, and vegetated only
with grass, is 23 mm/yr.

Area C03, 200-BP-1 Operable Unit

The 200-BP-1 Operable-Unit sampling area
(fig. 1, CO3) is on terraced lands north of the Hanford
200-East Area. Topography, surficial soil, vegetation,
and precipitation are similar to those at sampling area
CO1. Information given by Connelly and others
(1992) indicates that the surficial soil is underlain by
50 m or more of coarse-grained deposits of the Han-
ford formation (Pasco gravels), and in December
1991 the water table was about 48 m below land sur-
face.

Area C04, C-018H Characterization

The C-018H Characterization sampling area
(fig. 1, CO4) is on the terraced lands north of the Han-
ford 200-West Area. Topography and vegetation are
similar to those at sampling areas CO1 and C03. The
surficial soil in this area was classified by Hajek
(1966) as either Burbank loamy sand or Ephrata
sandy loam. Precipitation is probably the same as at
the Meteorological Station (160 mm/yr). Information
given by Trent (1992), who describes the area adja-
cent to and south of this area, suggests that the under-
lying sedimentary deposits are about 140 m thick and
that the water table is about 65 m below land surface.

METHODS OF SAMPLE COLLECTION
AND ANALYSIS

Data necessary for using the chloride mass-
balance method were obtained by collecting and ana-
lyzing samples of soil from several depths in each of
13 test holes. Depths of holes ranged from about 4 to
50 m. One to four test holes were located in each of
six different areas. Data for the chlorine-36 bomb-
pulse method were obtained from 4 of the 13 holes—
1 in each of 4 of the areas. Soil samples were
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collected by a variety of methods that ranged from
manually coring in the sides of trenches that were dug
with a backhoe, to power driving a split-spoon sam-
pler in the bottom holes that were constructed by ca-
ble-tool machines. Laboratory analyses performed on
all the samples included determinations of gravimetric
water content, chloride concentration, and matric po-
tential. Particle-size distributions of selected samples
were also determined. Ratios of 3Cl/Cl were deter-
mined for selected samples from those holes used to
test the applicability of the bomb-pulse method.

Sampling Methods

Samples from the Benson Springs (FO1), Mc-
Gee Ranch (F02), and Grass Site (C02) areas were
collected by USGS personnel from test holes con-
structed specifically for this study. Samples from
holes in the other three areas (C01, C03, and C04)
were obtained from holes being constructed for other
purposes by subcontractors to the Westinghouse
Hanford Company, the operations contractor for the
Hanford Site. These samples were collected by per-
sonnel of Westinghouse Hanford Company or its sub-
contractors according to instructions provided by the
USGS. Although the land surface in some of the sam-
pling areas is sloped or rolling, each of the sampling
holes was constructed on a local flat to minimize sur-
face runoff of precipitation onto or off of the sam-
pling-hole location. Each sampling hole is referred to
in this report by an identifier (such as TO1 or B10).
The letter T or B identifies the hole as a dug trench or
bored hole, respectively. The number that follows is a
sequence number. These hole identifiers are refer-
enced to other identifiers in Appendix A. Sample-
collection dates are listed in table 1.

Areas F01 and F02

Samples were collected from two trenches in
each of the areas FO1 and FO2 (holes TO1 through
TO4, figs. 4 and 5). These trenches, which were exca-
vated with a backhoe, were about 1 m wide, 4 m deep,
and 8 m long. A continuous soil core consisting of a
series of segments, each 55 mm in diameter and 100
mm long, was collected from each trench by repeated-
ly hammering a short, thin-walled, stainless-steel
tube vertically into the soil along a vertical line about

0.1 m from the edge of the trench. After each core
segment was obtained, the soil in a 0.2-m by 0.2-m
square area surrounding the location from which the
core segment was taken was removed with a square-
ended shovel to create an open flat surface for starting
the next core segment. In this way a 0.2-m by 0.2-m
square notch with a depth equal to that of the trench
was excavated in one of the trench walls. In addition
to the samples collected from the walls of the trench-
es, soil samples from the bottom of the trench down to
about 0.6 m below the bottom were collected with a
hand auger.

Immediately after each core segment was col-
lected, the soil in the thin-walled tube or auger was
emptied into a 0.3-L glass jar with a water-tight gas-
keted metal lid, and an additional seal was made by
wrapping the edge of the lid with plastic electrical
tape. The sample jars then were placed in an insulated
cooler for storage and eventual transportation to the
laboratory for the various analyses. All laboratory de-
terminations except for 3CV/Cl ratios were performed
on these samples. The latter determination required a
larger size sample than was obtained with the thin-
walled tube or hand auger.

Because relatively large sample volumes are
sometimes required for determining 36CV/ClI ratios,
separate samples in 25-cm-long intervals were col-
lected for these determinations. These samples were
dug with a shovel out of the side of each trench along
a vertical line adjacent to the 20-cm by 20-cm notch
where the other samples were collected. Each of these
samples, which had a mass of 10 to 20 kg, was placed
in a plastic bag, which in turn was placed in a metal
container along with other similar samples from the
same trench. When these samples were processed it
was found that samples of the upper three intervals
from holes T02 and T03 did not yield sufficient chlo-
ride for determining 3CV/Cl ratios. (These ratios were
not determined for samples from holes TO1 and T04.)
Consequently, the sampling sites were revisited 11
months later to collect an additional 30 kilograms of
soil from each of these intervals. The additional mate-
rial was collected within about 3 m of the original
sample-collection location.

Samples were also collected from three augered
holes in area FO1 and another three in area F02.
Samples from these holes, which ranged in depth
from about 4 to 6 m, were never analyzed because the
samples had dehydrated while being stored in plastic
liners, and consequently, original water contents could
not be determined.
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Areas C01 and C04

being constructed by subcontractors to the Westing-
house Hanford Company. Although these holes ex-

tended below the water table to depths of about

Soil samples from the two holes in area CO1

(holes B10 and B12, fig. 6), and the one hole in area

100 m, samples for this study were collected only

'
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C04 (hole B20) were obtained when these holes were
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location of sampling area F01.)

Flgure 4. Locations of test holes in sampling area FO1, Benson Springs. (See figure 1 for
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down to about 60 m or less and only from above the
water table. These holes were constructed by pound-

ing a drive barrel, a short length of carbide-tipped
steel pipe about 300 mm in diameter and 500 mm

long, ahead of steel casing with a cable-tool apparatus
and then advancing the casing. Soil normally would

become sufficiently compacted in the drive barrel so
that it could be brought to the surface for removal.
When the material being drilled was especially hard
or there were large rocks, the material was broken up
and pulverized with a device termed a “hard tool.”
When this was done, it was often necessary to add
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Figure 5. Locations of test holes in sampling
area FO2, McGee Ranch. (See figure 1 for
location of sampling area F02.)
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water to the hole to remove the dry pulverized materi-
al. This method of constructing holes to obtain geo-
logic information and to install monitoring wells is
commonly used at the Hanford Site and is one of the
few methods that have been found suitable for the
sandy gravels that are typical of the terraced lands at
Hanford.

Although four holes were drilled and sampled
in area CO1, data from only two of the holes (B10 and
B12) were used in this report because relatively large
quantities of water were added to the other two during
drilling. Data from samples deeper than where water
was added to a hole are not used in this report except
for samples from hole B10, where about 4 L of water
was added at depths of 35 ft (10.7 m) and 110 ft
(33.5m).

Each sample from the holes in area CO1 was
normally collected by emptying one full drive-barrel

into a 20-L plastic bucket. A 0.3-L glass jar was filled
with soil from the bucket, excluding the larger pieces
of gravel, and sealed immediately afterwards. The jar
then was placed in the bucket and a lid was placed on
the bucket for storage and transport. The contents of
the jar were used for determinations of water content
and of matric potential. The other laboratory deter<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>