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1.0 Objective

Researchers at Pacific Northwest National Laboratory were tasked with developing a
best-estimate and likely ranges of contaminant distribution directly beneath the PUREX
A Cribs, with a specific focus on the 216-A-4 Crib. This objective was made more
difficult since a deep borehole has never been completed within the foot print of the 216-
A-4 Crib. However, one deep well (299-E24-23) was drilled (360 ft bgs) and completed
adjacent to the 21 6-A-4 Crib, and the characterization data collected on these samples has
been used to support the estimates contained herein. Also included in this scope was the
task of estimating the distribution of contaminants below the foot prints of the 216-A-2
Crib, which recently had a borehole drilled through its foot print all the way to the water
table (314 ft bgs) and into the aquifer to 322 ft bgs, and the 216-A-21 Crib, which has
only been interrogated using one direct push hole emplaced to a depth of 60 ft bgs.

Information used to develop estimates of contaminant distribution below and to the sides
(horizontal spreading) of these disposal facilities included historical data on process flow
sheets and disposal records (both chemical composition and volumes disposed), borehole
geophysical logging data, historical groundwater data present in the HEIS data base, and
direct measurements of sediment concentrations of key radionuclides, chemicals, and
sediment:water extracts' chemical composition, as well as expert knowledge of
geochemical principles and Hanford's subsurface properties.

2.0 Approach

The sediment characterization information considered pertains solely to the following
facilities in the 200-MW-1 Operable Unit: the 216-A-2, 216-A-4, and 216-A-21 Cribs,
and the 200-E- 102 Trench. We did also review the historical groundwater data for 27
monitoring wells in the vicinity of the PUREX A cribs.

We selected the Soil Inventory Model (SIM), Rev. 1 effort [RPP-26744 Rev. 0; Corbin et
al. (2005)] as our main source of historical information. The SIM captures information
pertaining to facility usage, the total volumes and chemical composition of waste
discharged to each facility, and the total inventory of key chemical and radionuclide
constituents discharged to each facility. Data on facility dimensions and internal
discharge piping were supplied by Fluor Hanford and GRAM, Inc based primarily on
information found in the Waste Information Data System (WIDS) and historical Hanford
drawings. Field borehole geophysical logs, gross gamma, spectral gamma, and neutron
measurements (used to approximate sediment moisture content and lithologic changes)
were downloaded from the Stoller Inc. web site http:www.hanford.gov/cp/gpp/data/vzcp.
S. M Stoller Corporation used up to three geophysical tools (a spectral gamma logging
system, a high rate logging system, and a neutron moisture logging system) to interrogate
the drilled and direct push (closed-end steel cased) boreholes. The locations of the three
cribs and trench and boreholes for which data were critically reviewed are found on
Figure 1 and a more detailed map with the location of for these boreholes is also shown
in Figure 5.
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Field borehole logging data was supplemented by data derived from the direct
measurement of selected constituents in sediments and various extracts of the sediments,
and one groundwater sample each obtained before decommissioning borehole C5515 and
completing groundwater monitoring well 299-E24-23 (C530 1). A deep electrode was
buried in borehole C55 15 to allow use in future high resolution resistivity field surveys
(ERC). These data were generated by Hanford Site laboratories and Hanford-affiliated
laboratories and are available in the Hanford Environental Information System (HEIS)
database. Additionally, this report considers recent data generated by PNNL on
sediments collected from the area of interest; these data are also available in the HEIS
database.

Finally, we incorporated several geochemnical resources, such as information in published
technical reports and journal articles, and expert opinions from technical staff with tens of
years of experience studying Hanford subsurface geology, hydrology, and geochemistry
to provide a qualitative to semi-quantitative estimate of the vertical distribution of key
contaminants. Our estimates of the horizontal spreading of the fluids and contaminants
from each facility are qualitative and rely on the estimates of total fluid disposed, the
field borehole spectral gamma log data for Cs- 13 7 from the available boreholes, and the
documented geologic stratigraphy of the vadose zone.

This letter report contains eleven sections that attempt to present the assimilated data, our
conclusions on the vertical distribution, both historically during active use of the facilities
and today in their inactive states, of selected constituents below each facility, the extent
of horizontal spreading that might be expected. In the main text of the RI we provided
appropriate Kd values to use in future predictive modeling activities. We also provide
recommendations on further information or activities that could improve the technical
defensibility of the current assessment of the vertical distribution of key risk driving
constituents in the subsurface, our estimate of the extent of lateral spreading, and the
appropriate Kd's to use in modeling fulture migration.
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3.0 Facility Information Summarized from the SIM. Rev. 1

The total volumes and chemical composition of the liquid wastes disposed to each of the
cribs have been taken from the most recent version of the SIM [Corbin et al. (2005)]. We
chose this resource because it represents, in our opinion, the most extensive and most
recent assimilation of historical records on the chemical composition of wastes disposed
to the various facilities at Hanford. The SIM incorporated information from other
models, especially the HDW (Hanford Defined Waste) models that rely on a combination
of historical process flow sheet records, records of chemicals purchased, and analytical
measurements of actual samples, as well as simple empirical chemical algorithms to
estimate the fate of chemicals during the numerous fuel reprocessing and radionuclide
recovery operations. The masses or activities of key radionuclides produced during
uranium fuel irradiation were estimated using the ORIGEN code as described in Higley
et al. (2004). Other key information used in the assessment include the total volume of
liquid waste disposed to each facility by year, the years that the cribs were active, the size
of the cribs, and the internal structures within the cribs through which the fluids were
dispensed. The size of the cribs and details on the internal piping were provided by Fluor
Hanford and GRAM, Inc.

Tables I through 3 list the total inventory of chemicals and radionuclides disposed to the
three cribs and the concentration of the chemicals and radionuclides in the liquid waste as
estimated by SIM, Rev 1. The specific SIM designation for the waste stream and the
years of operation are also shown in the tables.

Again, we stress that SIM, Rev 1 is the most current assimilation of historical information
augmented by the most current versions of various chemical estimation models to
allocate both liquid and suspended solids (mostly hypothetically generated from
simplified solubility empirical models) that travelled through various fuel reprocessing
operations, isotope recovery operations, and waste stream manipulations (concentration
of liquid wastes by active large scale evaporators, etc.) and were ultimately disposed to
the Hanford vadose zone in cribs, trenches, ditches, or placed in storage tanks, some of
which leaked fluids. Other liquids sent to tanks were inadvertently released to the
Hanford subsurface during tank filling and tank transfers in events labeled "unplanned
releases" (UPRs), many of which have been described in detail in documents archived in
Hanford's various libraries/databases.

4.0 Description of Crib Historical Information

The data in Tables 1 through 3 illustrate that the waste streams disposed to the three crib
facilities had different chemical compositions and were generated by different activities
related to the PUREX process and/or isotope recovery of older wastes.

4.1 216-A-2 Crib
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The 216-A-2 crib is located within a larger underground radioactive material area [URM]
known as 200-E- 103. The site received organic waste from the 202-A building. In
addition to waste from the 202-A building, the 216-A-2 crib is associated with the 241-A-
151 Diversion Box. The site was deactivated by removing a section of effluent piping
when the specific retention capacity of the crib was reached. The unit was replaced by
the 216-A-31 Crib. Based on the SIM, Rev. 1, the waste stream disposed to the 216-A-2
Crib does not show charge balance unless the waste stream was acidic or some organic
compound was supplying cations to balance the nitrate anion. Note that this waste
stream, categorized as PUREX P1I organic waste, contained significant concentrations of
tri-butyl phosphate (TBP) and normal paraffin hydrocarbons (NPH). This waste stream
is estimated to have contained significant concentrations of Sr-90, Cs- 137, and isotopes
of plutonium. The 216-A-2 Crib was active from 1956 to 1960 (according to SIM, Rev.
1), and the total volume disposed to the facility is estimated at 0.230 mega liters. Data in
WIDS suggests that the start date for waste disposal was January 1956 and the end date
was January 1963, with a total volume disposed of 0.23 megaliters. Therefore, there is a
discrepancy in the date when no further disposals were made. However, the two
estimates for total volume disposed are in agreement. The total volume disposed to this
facility was small compared to the other two cribs discussed in this report, as well as
many others at Hanford, such that operators must have been concerned about the
migration potential of certain contaminants and the "specific retention" concept was used
wherein the volume of waste disposed was kept at no greater than 10% of the volume of
the facility's cross section multiplied by the depth to the water table. The specific
retention concept relied on the vadose zone sediments to be able to retain the fluids via
capillary pressure and not allow the fluids to drain to groundwater. This concept that
fluids can be held in perpetuity has been shown to be too simplistic [Fayer and Walters
(1995), Fayer and Szecsody (2004), Gee (1987), Gee et al. (1992, 2005a, 2005b) and
Rockhold et al. (1995)].

The chemical constituents with the largest inventories disposed to the 216-A-2 Crib were
TBP (149,200 kg), NPH (63,920 kg), nitrate (2370 kg), and uranium (228 kg) based on
SIM, Rev. 1 estimates. The radionuclides with the largest inventories were Sm- 151 (27.2
Ci), Pu-239 (7.9 Ci), Pu-241 (6.9 Ci), Cs-137 (1.9 Ci), and Pu-240 (1.6 Ci).

The disposal infrastructure consisted of 15-centimeter (6-inch) perforated vitrified clay
pipelines. Two 6. 1-meter (20-foot) lengths were formed in a cross pattern horizontally,
6.4 meters (21 feet) below grade. Approximately 1.8 meters (6 feet) of coarse rock with
a volume of 140 cubic meters (5,000 cubic feet) was placed around and below the pipes.
The excavation above the pipes was backfilled with native overburden. The side slope
from the ground surface to 6.4 meters below ground surface (bgs) (21 feet) was 1: 1.5 and
from 6.4 meters (21 feet) to 8.2 meters bgs (28 feet) was 1:2 (WIDS). The crib's foot
print was 20 ft by 20 ft in area with a total depth of approximately 28 ft. This was an
open bottom, unlined crib. A schematic of the A-2 crib infrastructure is shown in Figure
2 (taken from RI).
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Table 1. 216-A-2 Crib Inventory and Chemical Composition Estimates (based on the
SIM4, Rev. 1) ___ _________________________

Tot. Ifl Tot.
Inventory Cone. Cone. Charge Charge Radio- Inventory Conc.

Chemicals (kg). (mgI (M (+ meg/L)j meq/L) nuclides (CO) (pCiIL)

Na 5.966E+00 2.88E+01 1 .25E-03 1 .25E+00 _____ H-3 1.398E-03 6.75E+03

Al O.OOOE+00 0.00E+0____ ____ C-14 2.2 12E-03 1 .07E+04

Fe 6.050E-02 2.92E-01 ___ _1 .57E-02 _____ Ni-63 7.455E-04 3.60E+03

Cr 4.559E-03 2.20E-02 _____8.46E-04 Co-60 5.378E-03 2.60E+04

Hg 0.OOOE+O0 0.OOE+0O ____ ____ Se-79 8.600E-05 4.15E+02

Ni 7.OOOE-04 3.38E-03 ____5.76E-05 _____ Sr-90 8.918E-01 4.31E±06

Ag 0.OOOE+O0 0.OOE+00 _________ Tc-99 2.699E-02 1 .30E+05

Mn 0.OOOE+O0 0.OOE+00 Sb-125 5.378E-03 2.60E+04

Ca 1.360E-01 6.57E-01 1.64E-02 1-129 1.760E-05 8.50E+01

K O.OOOE+OO O.OOE+00 Cs-137 1.858E+00 8.98E+06

N03 2.370E+-03 1.14E+04 1.84E-01 1.84E+02 Sm-151 2.725E+01 1.32E+08

N02 0.OOOE+00 0.OOE+OO_____ Eu-152 4.068E-03 1.97E+04_

C03 2.036E-01 9.84E-01 3.28E-02 Eu-154 3.023E-01 1.46E+06

P04 0.OOOE+00 0.OOE+00 _____ Eu-155 1.381E-01 6.67E+05

S04 2.439E+00 1.18E+01 2.46E-01 Ra-226 4.520E-06 2.18E+01

Si 1.065E-01 5.14E-01 _____ U-235 3.181E-03 1.54E±04

F 0.OOOE+00 0.OOE+0 ____ U-236 1.641E-03 7.93E+03

Cl 1.851E-01 8.94E-01 2.52E-02 U-238 7.623E-02 3.68E+05

Butanol 0.OOOE+00 O.00E+0O ____ Np-237 6.230E-02 3.01E+05

TBP 1.492E+I05 7.21E+05 _____ Pu-238 1.950E-01 9.42E+05

NPH 6.392E+04 3.09E+05 _____ Pu-239 7.884E+00 3.81E+07

NH3 5.155E-02 2.49E-01 1.46E-02 _____ Pu-240 1.585E+00 7.66E±06

LU-Total 2.283E+02 1.10E+03 9.24E+0____ Pu-241 6.947E+00 3.36E+07

_____ _____ ____ Total 1.05E+01 1.84E+02 Am-241 1.760E-01 8.50E+05

______ ______ _____charge _________ Cm-242 9.684E-04 4.68E+03

_________~ ____ ________ Cm-2441 5.021E-04 2.43E+03K216-A-2 received wastes from 1956 to 1960; waste category is Concentrated Miscellaneous UNH Stream (P1).
Total volume disposed to 21 6-A-2 Crib was 0.230 mega liters (230,000 liters).
Radionuclide concentrations in SIM, Rev. 1 have been decay corrected to 01/01/2001.
Te cation-anion charge balance is very poor which suggests either the waste stream was acidic or there is some

,rror in the waste stream chemical composition. Major constituents noted in bold red type.
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Two borings have penetrated the cross-sectional area of 216-A-2 Crib, one to a depth of 35 ft bgs
(C5570) and one all the way to groundwater (C5515). An additional boring was placed -1.5 m
east of the crib and reached a depth of 52 ft bgs (A591 0 or 299-E24-53). These three borings are
shown on Figures 1 and 5. The field borehole geophysical logging data and direct measurements
on sediment samples and water extracts of sediments are tabulated and discussed in later
sections.

Based on the volume of waste disposed in the 216-A-2 Crib [-0.23 mega liters], the cross section
of the crib foot print [20 x 20 ft; 37.16 m2], the depth of the current water table [314 ft bgs], and
the assumption that the disposed liquid percolated vertically within the foot print and reached a
volumetric water content of 10% after contacting the crib bottom, the entire volume of liquid
disposed to the crib would have filled the foot print down to a depth of approximately 225 ft bgs.
If the disposed liquid percolated at lower volumetric moisture contents or if one considers that
the vadose zone pores contain some native water, the depth that would have been wetted would
be somewhat deeper. Further, if there was any significant horizontal spreading, the depth at
which the disposed water might have stopped after wetting the vadose would have been
shallower than 225 ft (69 m) bgs. We will compare these estimates with the near continuous
characterization of sediments from borehole C55 15 later in this letter report.

4.2 216-A-4 Crib

The 21 6-A-4 Crib is located directly east of the 21 6-A-2 Crib within a large gravel area known
as the PUREX Stabilized Area (site code: 200-E- 103); its location is marked by a large green
vent riser extending above the ground surface. The crib received laboratory cell drainage from
the 202-A Building and possibly drainage from the 291 -A Stack. The 21 6-A-4 Crib was
associated with the 216-A-2 Crib, the PUREX Laboratories, UPR-200-E- 15, and 200-E- 103.
The excavation had 2.4 meters (8 feet) of coarse rock fill with a volume of 280 cubic meters
(10,000 cubic feet) and has been backfilled. The side slope from the surface to 5.5 meters (18
feet) deep was 1: 1.5 and 1:2 from 5.5 meters (18 feet) to the site bottom at 25 ft bgs. The site
was deactivated by blanking the effluent piping when the unit reached its specific retention
capacity. (WIDS)

The location of the 21 6-A-4 Crib is shown in Figure 1. The Crib infrastructure consists of two
6.1 meter (20-ft.) lengths of 15-centimeter (6-inch) perforated vitrified clay pipe, forming a cross
pattern horizontally, 5.5 meters (18 ft) below grade. The crib's foot print was 20 ft by 20 ft, with
an approximate depth of 25 ft. The 216-A-4 Crib was an open bottom, unlined crib. A detailed
schematic of the infrastructure is show in Figure 3.

In December 1958, the crib became plugged and flooded an area between the crib and the
291 -A-i1 Stack, causing surface contamination. The contaminated soils were removed and
disposed in the 200-E-102 Trench, which lies - 20 m south of the 216-A-4 Crib. The
contaminated sediments disposed in 200-E- 102 Trench were covered with 0.3 m (1 ft) of clean
material (Baldridge 1959). The 216-A-4 Crib was deactivated in 1958 by blanking off the
effluent piping after the crib had reached its specific retention capacity. At the present time, the
site is located within a large gravel area, known as the PUREX Stabilized Area (200-E- 103). As
mentioned previously, only a large green vent riser is visible above ground surface.
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Table 2. 216-A-4 Crib Inventory and Chemical Composition Estimates (based on SIM, Rev. 1)

Tot. Tot.
Inventory Conc. Conc. Charge Charge Inventory Conc.

Chemicalsj (kg) (m1L (M (+ meq/L) (-me/L) Radionucides (CG) J j~l-/

a 4.468E+02 7.86E+01 3.42E-03 3.42E+00 H-3 6.446E+01 1.16E+07

______O.OOOE+OO O.00E+OO_____ C-14 8.021lE-05 1.42E+01

e 1.202E+01 2.02E-01 3.62E-06 1.09E-02 Ni-63 1.407E-03 1.30E+02

Cr 2.341E+00 4.17E-01 8.01E-06 1.60E-02 Co-60 5.385E-04 9.56E+01

Hg 2.292E-02 4.11 E-03 2.05E-08 Se-79 3.372E-06 5.99E-01

Ni 1.159E±00 1.37E-01 2.33E-06 4.66E-03 Sr-90 4.144E4-00 7.36E+05

Ag 3.561E-02 3.00E-05 2.78E-10 2.78E-07 Tc-99 5.725E-01 1.03E+05

Mn 5.605E-02 1 OOE-02 1 .83E-07 3.66E-04 Sb-125 2.624E-04 4.66E+01

Ca 1.251E+02 2.21E+01 5.5 1E-04 1.10E+00 1-129 O.OOOE+0O O.OOE+OO

K___ 7.597E+04 1.36E+04 3.48E-01 3.48E+02 Cs-137 4.860E+00 8.63E+05

N03 9.537E+04 1.71E+04 2.76E-01 2.76E±02.-, Sm-151 1.312E-01 2.33E+04

N02 3.903E+00 6.91E-01 1.50E-05 1.50E-02', Eu-152 8.400E-05 1.49E+01

C03 3.562E+00 1.59E-01 2.64E-06 5.29E-03 Eu-154 6.030E-03 1.07E+03

P04 1.691E±03 3.02E+02 3.17E-03 9.52E+00 Eu-155 2.220E-03 3.94E+02

S04 2.157E+01 3.83E+00 3.99E-05 7.98E-02 Ra-226 2.898E-10 5.15E-05

Si O.OOOE+OO 0.OOE+00 U-235 7.801E-02 1.39E+04

F___ 1.538E+02 2.76E+01 1.45E-03 1.45E+00 U-236 2.412E-02 4.28E+03

Cl .9.616E+00 1.71E+00 4.82E-05 4.82E-02 U-238 1.798E+00 3.22E+05

Butanol 3.114E-02 5.58E-03 ______________ Np-237 3.021 E-06 5.3 6E-0lI

TP O.OOOE+OO O.OOE+0O Pu-238 1 .226E-01 3.88E+02

NPH O.OOOE+OO O.OOE+00 Pu-239 1.085E+00 3.45E+03

N3 3.134E-02 5.62E-03 3.30E-07 3.30E-04 Pu-240 3.817E-01 1.20E+03

U-Total 5.388E+03 9.64E+02 4.05E-03 8. 1OE+OO Pu-241 7.195E+00 2.28E+04

_______________ total 3.61E+02 2.87E+021" Am-241 5.351E-03 9.50E+02

_____ _____ _____ meg/L ____ ___ Cm-242 8.524E-06 1.51E+00

______ _____ ______Cm-244 2.253E-05 4.OOE+00

j216-A-4 received wastes from 1955 to 1958; waste category is Concentrated Miscellaneous IJNH Stream (P1)
with low probability of small volumnes of PUIREX PLi (P 1) waste.
Tfotal volume disposed to 21 6-A-4 Crib was 6.21 mega liters (6,210,000 liters).
IRadionuclide concentrations in SIM, Rev. 1 have been decay corrected to 0 1/0 1/200 1.
The cation-anion charge balance is fair (23% excess cations) suggesting that hydroxide used for pH adjustment is
Inot being captured in the chemical composition estimates. Major constituents noted in bold redtye



Based on the SIM, Rev. 1 information, the waste stream discharged to the 216-A-4 Crib was
categorized as a concentrated miscellaneous PUREX IINH (uranium nitrate hexahydrate) waste
stream (P 1) that did not contain organics (unlike 21 6-A-2 Crib waste stream which contained
significant quantities of organics) and was predominately a potassium nitrate solution with minor
amounts of sodium, calcium, phosphate, and fluoride. The charge balance of the estimated
solution composition is reasonable, especially if the excess cations are in fact compensated by
hydroxide (which is not tracked explicitly in the SIM, Rev. 1). The ionic strength of the waste
discharged to the 216-A-4 Crib was about 3 times larger than the solution disposed to 216-A-2
Crib, assuming that the organics in 21 6-A-2 Crib waste stream were not electrically charged.

The SIM, Rev. 1 estimates the total volume of waste disposed to the 216-A-4 Crib at 6.21 mega
liters compared to the WIDS estimate of 6.21 mega liters. The time period of active disposal
was 1955 to 1958 in both the SIM and WIDS databases. Because the volume of waste disposed
to the 216-A-4 Crib was about 27 times larger than the volume disposed to the 216-A-2 Crib, the
total inventories of radionuclides disposed to the 216-A-4 Crib is larger than the 216-A-2 Crib,
despite the concentrations of dissolved radionuclides being lower in the waste stream sent to the
216-A-4 Crib.

The constituents with the largest inventories disposed to the 21 6-A-4 Crib were nitrate (95,370
kg), potassium (75,970 kg), uranium (5388 kg) and phosphate (1691 kg) based on the SIM, Rev.
1. The radionuclides with the largest inventories disposed to the 21 6-A-4 crib were tritium (64.5
Ci), Pu-241 (7.2 Ci), Cs-137 (4.86 Ci), Sr-90 (4.14 Ci), and Pu-239 (1.08 Ci).

Two borings have penetrated the cross-sectional area of the 216-A-4 Crib; one to a depth of 23 to
25 ft [-7.3 m] bgs (C4560) and one to 60 ft [18.3 m] bgs, (C467 1). Two additional borings were
placed outside the cross-sectional foot print of the 21 6-A-4 Crib. The first was approximately
0.5 mn from the northeast corner of the crib to a depth of 102 ft [3 1.1 m] bgs (A591 1 or 299-E24-
54), and the most recent borehole was placed 2.5 m from the southwest corner of the crib to a
depth of 355 ft [108.2 m] bgs (C5301 or 299-E24-23). These four borings are shown on Figures
1 and 5. The field borehole geophysical logging data and direct measurements on sediment
samples and water extracts from these boreholes are tabulated and discussed in later sections.

Based on the volume of waste disposed in the 21 6-A-4 Crib [--6.21 mega liters], the cross section
of the crib foot print [20 x 20 ft; 37.16 in2], the depth of the current water table [314 ft bgs], and
assuming that the disposed liquid percolated vertically within the foot print and reached a
volumetric water content of 10% after contacting the crib bottom, the entire volume of liquid
disposed would have filled the foot print about 19 times over. Thus, without significant
horizontal spreading, this crib was filled well beyond the specific retention volume of the vadose
zone. A comparison of these estimates with the near continuous characterization of sediments
from borehole C5301 is presented later in this letter report.

4.3 200-E-102 Trench

This trench is located inside the surface stabilized Underground Radioactive Material (URM)
area south of the PUREX building. The trench is located approximately 68 ft (20.7 m) south of
the southern boundary of the 216-A-4 Crib. The 200-E-102 Trench is a rectangle placed in the
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east-west direction with dimensions of 80 feet (24.3 8 m) long by 10 ft (3.05 m) wide, with an
approximate depth of 4 ft (1.22 m) based on a description found in Baidridge (1959). Currently,
the trench is covered with clean gravel (since 1999) and has no surface markings to identify its
location. As mentioned previously, contaminated sediments from the December 1958 flooding
event at the 216-A-4 Crib were disposed in the 200-E-102 Trench in 1958. After placing the
contaminated sediment in the trench, it was covered with 0.3 m of clean fill. One direct push
hole (C53 02) was placed in the western-third of this trench. There are no estimates of the waste
inventory disposed to this trench in the SIM, Rev. 1. Borehole geophysical logs were obtained
through the direct push casing and one sediment sample was obtained at 54.9 ft bgs for direct
analysis. The results of both the field logs and direct laboratory measurements on the sediment
sample will be discussed in later sections.

4. 4 216-A-21 Crib

The 216-A-21 Crib was built to replace the 216-A-4 Crib, which was deactivated in 1958. The
216-A-21 Crib was an open-bottomed, unlined liquid disposal site located approximately 160 m
(525 ft) south of the 202-A Building at PUREX, inside the facility exclusion area fence. The
crib site is covered with gravel (crushed rock). The site is associated with the 293-A, 202-A and
291 -A buildings. A small surface depression was noted at the site of the 216-A-21 Crib in 1974.

Before June 1958, the unit used a 15-cm (6-in) perforated clay distribution pipe located 4.2 m
(13.86 ft) below grade. In June 1958, this pipe failed, and the unit was taken out of service. A
new distribution system was installed, and the unit was brought back into service in December
1958 (WIDS). A 10-cm (4-in) stainless steel distribution line ran horizontally through the length
of the site, 2.1 m (7 ft) below grade or 3 meters (10 feet) below grade dependent on the source
being cited. Branching horizontally from this distribution line were four 1.2 m (4 ft) sections of
1 0-cm (4-in) piping. Branching vertically at the same locations were four 2.4 m (8 ft) sections of
1 0-cm (4-in) schedule 40 stainless steel pipe running to the bottom of the site. The bottom 1. 5 m
(5 ft) of the vertical piping was perforated. The excavation was V-shaped in cross-section with a
side slope of 1: 1.5; the bottom of the crib was 15.2 m (50 ft) in length. There are 680 cubic m
(24,000 cubic ft) of gravel fill in the excavation bottom, to a depth of 1.8 m (6 ft). Above the
gravel, the site is backfilled with native overburden sediments.

There are discrepant records on the operational period of the 216-A-21 Crib. One source
suggests that this crib was active between June 1965 and September 1970, and the SIM, Rev. 1,
in conjunction with information in WIDS, suggests the 216-A-21 Crib was active between 1957
and 1965, which seems more plausible seeing as it was a replacement to the 216-A-4 Crib.
When the effluent flow rate exceeded the infiltration capacity, the crib was deactivated by
blocking off the inlet pipeline to the unit and rerouting the waste to the 21 6-A-27 Crib. A
schematic of the infrastructure after 1958 is shown in Figure 4.

Based on information from the SIM, Rev. 1, the waste stream disposed to 216-A-21 Crib is
categorized as a PASF (P2) waste that did not contain organics and was predominately a sodium
nitrate solution with significant amounts of calcium, ammonium, carbonate and chloride. The
charge balance of the estimated solution composition is cation rich by 65%, suggesting that the
waste stream was basic from hydroxide neutralization, which is not tracked explicitly in the SIM,
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Rev. 1. The ionic strength of the waste discharged to the 21 6-A-2 1 Crib was about 1.3 times
higher than the solution disposed to the A-2 crib, assuming that the organics in 21 6-A-2 Crib
waste stream were not charged, and almost 3 times lower than the waste solution sent to the 216-
A-4 Crib.

The SIM, Rev. 1 model estimates the total volume of waste disposed to the 216-A-21 Crib at
77.9 mega liters, compared to the WIDS estimate of 77.9 mega liters. Because the volume of
waste disposed to the 216-A-21 Crib was about 340 times larger than the volume disposed to the
216-A-2 Crib, and 13 times larger than the volume disposed to the 216-A-4 Crib, the total
inventories of radionuclides disposed to the crib are generally larger than those for the 216-A-2
or 216-A-4 Cribs, regardless of the concentrations of dissolved radionuclides in the individual
waste streams. Table 4 lists the total inventories for the radioisotopes that are highest amongst
the three waste streams.

The chemical constituents with the largest inventories disposed to 21 6-A-2 1 Crib were nitrate
(320,000 kg), sodium (108,000 kg), ammonium (66,300 kg), calcium (28,100 kg), and iron (8160
kg) based on SIM, Rev. 1 estimates. A comparison of total inventories of selected chemicals
disposed to the three cribs is shown in Table 5. The 216-A-21 Crib has the highest inventories
for the chemicals nitrate, sodium, ammonium, calcium, iron, chloride, and carbonate. The 216-
A-4 Crib received the highest inventories of potassium, uranium, phosphate, fluoride, sulfate,
and nitrite. The 216-A-2 Crib received the highest inventory of organic reagents: TBP and NPH.

Based on the volume of waste disposed in the 216-A-21 Crib [-78 mega liters], the cross section
of the crib foot print [50 x 20 ft assumed width of V-shaped trench about a third of the distance
up from the bottom where the sisalkraft layer separates the gravel backfill from overburden {see
Figure 4}; 92.9 in2 ], the depth of the current water table [314 ft (95.7 mn) bgs], and assuming that
the disposed liquid percolated vertically within the foot print and reached a volumetric water
content of 10% after contacting the crib bottom, the entire volume of liquid disposed would have
filled the foot print about 94 times. Thus, without significant horizontal spreading, this crib was
filled well beyond the specific retention volume of the vadose zone. We can not compare the
vertical distribution of constituents within or nearby this crib because no boreholes were drilled
to depth near this crib.
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Table 3.. 216-A-21 Crib Inventory and Chemical Composition Estimates (based on SIM, Rev.
1)- ______ - _____

I I ITot.
Tot. Inventory~ Cone. Cone. Charge Charge Inventory Conc.[hemNal 1.kg)+0 =M3E0 6.70 .+01/ -meglL)IRadionucds (G)9+O ________

Chmias 1.07E0 1.3E0 6.6E-0 6.67EJ +0 H-3/L 4.49-0 7.ie06Ei) p 05

Al __________ _________ C__14_ __________ _______

Fe 8.160E+03 1.16E+02 2.08E-03 6.25E+00 ___ Ni-63 0.OOOE+00O0.OOE+00

Cr 0.OOOE+00 0.OOE+00O0.OOE+0O 0.OOE+00 Co-60 7.7 14E-02 1 .10E+03

Hg 0.OOOE+00 0.OOE+00 O.OOE+00 _________ Se-79 1.311 E-04 1 .87E+00

Ni 0.000E+00 0.OOE+00 0.OOE+00 0.OOE+0O ____ Sr-90 6.063E+00 8.65E+04

Ag 2.814E+00 4.01E-02 3.72E-07 3.72E-04 ____ Tc-99 7.534E-03 1.07E+02

Mn 0.000E+00 O.00E+00O0.OOE+00 0.OOE+0____ Sb-125 0.OOOE+00 0.OOE+00

Ca 2.809E+04 4.01E+02 1.OOE-02 2.OOE+O1 I___ -129 0.000E+00 O.00E+00

K 6.102E+02 8.70E+00 2.23E-04 2.23E-01 Cs-137 6.374E+01 9.09E+05

N03 3.203E+05 4.57E+03 7.37E-02 7.37E+01 Sm-151 3.802E-01 5.42E+03

N02 O.OOOE+00 0.OOE+OO 0.OOE+OO _____ O.OOE+00 Eu-152 9.830E-05 1.40E+00

C03 2.238E+03 3.19E+01 5.32E-04 _____1.06E+00 Eu-154 1.141E-02 1.63E+02

P04 0.OOOE+00 0.OOE+O0 0.OOE+O0 _____ .00E+00 Eu-155 1.440E-05 2.05E-01

S04 0.OOOE+00 0.00E+00 0.00E+O0 _____ .OOE+0O Ra-226 3.170E-06 4.52E-02

Si 0.OOOE+00 O.OOE+00 ___________U-235 2.776E-03 3.96E+01

F 0.OOOE+O0 0.00E+00 0.OOE+00 _____ .OOE+00 U-236 1.706E-03 2.43E+01

Cl 2.543E+03 3.63E+01 1 .02E-03 _____1 .02E+00 U-238 6.497E-02 9.27E+02

Butanol 0.000E+00 0.OOE+0 ______ ___ Np-237 2.370E-02, 3.38E+02

TBP 0.OOOE+00 0.00E+00 __________ Pu-238 2.215E-0O1 3.16E+0

NPH O.OOOE+00 0.00E+00 ______Pu-239 4.607E+00 6.57E+04

NH3 6.632E+04 9.46E+02 5.57E-02 5.57E+01 ____ Pu-240 1.130E+00 1.61E+04

U-Total 1.945E+02 2.77E+00 1.17E-05 2.33E-02 Pu-241 1.005E+01 1.43E+05

_____ total 1 .49E+02 7.58E+01 Am-241 4.608E+00 6.57E+04

______ _______ ______ meg/L I____ Cm-242 4.271E-03 6.09E+01

216-A-21 received wastes from 1957 to 1965; waste category is PASF (P2)
Total volume disposed to 216-A-21 Crib was 77.9 mega liters (77,900,000 liters)
Radionuclide concentrations in SIM, Rev. 1 have been decay corrected to 0 1/0 1/200 1.
Te cation-anion charge balance has an excess (65%) of cations suggesting that hydroxide used to neutralize acidic

PUREX wastes in not being correctly captured in the estimates. Major constituents noted in bold red type.
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Table 4. Total Inventory of Select Radioisotopes in Wastes Disposed to the A Cribs

______ A-21 A-4 A-2

Isotope - Curies -_____

Cs-137 6.374E+01 4.860E+00 1.858E+00
H-3 4.949E+01 6.446E+01 1 .398E-03

Pu-241 1.005E+01 7.195E+00 6.947E+00
Sr-90 6.063E+00 4.144E+00 8.91 8E-01

Am-24 1 4.608E+00 5.351 E-03 1 .760E-01
Pu-239 4.607E+00 1 .085E+00 7.884E+00
Sm-151 3.802E-01 1.312E-01 2.725E+01
Pu-240 1.130E+00 3.8 17E-01 .1.585E+0O0

'Bold type shows the higher values for each isotope.]
11l values decayed to 01/01/2001J

Table 5. Total Inventory of Select Chemicals in WastesDisposed to A Cribs

______ A-21 A-4 A-2

Chemical kg kg ~kg j
N03 3.203E+05 9. 537E+04 2.370E+03
Na 1.075E+05 4.468E+02 5.966E+00

NH3 6.632E+04 3.134E-02 5.155E-02
Ca 2.809E+04 1.25 1E±02 1.360E-01
Fe 8.160E+03 1.202E+01 6.050E-02
Cl 2.543E+03 9.616E+00 1.851E-01

C03 2.238E+03 3 .562E+00 2.03 6E-0 1

K 6.1 02E+02 7.597E+04 0.OOOE+00

U-Total 1 .945E+02 5.388E+03 2.283E+02
P04 0.OOOE+00 1.691E+03 0.000E+00

F 0.OOOE+00 1.538E+02 0.OOOE+00
S04 0.OOOE+00 2.157E+01 2.439E+00
N02 0.OOOE+00 3.903E+00 0.OOOE+00
TBP 0.OOOE+00 0.OOOE+00 1.492E+05

NPH 0.OOOE+00 0.OOOE+00 6.392E+041
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One recent boring has penetrated the cross-sectional area of the 216-A-21 Crib (C5571) to a
depth of 60 ft bgs, and one old borehole (299-E24-12) is located far to the southwest of the crib
foot print. The old borehole was logged with a gross gamma probe in 1976. These two borings
are shown on Figures 1 and 5. The field geophysical logging data and direct measurements on
sediment samples and water extracts of the sediments are tabulated and discussed in later
sections.

5.0 Borehole Gamma and Neutron Loas

Several boreholes have been emplaced within the 216-A-2/216-A-4/216-A-21 Cribs region in an
attempt to determine the degree of detectable subsurface radiological contamination associated
with the various disposal facilities (see Figure 5 and Table 6 for details). Specifically, borehole
C5515 and direct push hole C5570 have been emplaced within the 216-A-2 Crib, and an older
existing well 299-E24-53 (A59 10) is located '-1.5 mn east of the crib. Borehole C4560 (which
was abandoned during drilling because of high radiological contamination) and direct push hole
C4671 were emplaced within the 216-A-4 Crib. Additionally, a new borehole (299-E24-23 or
C5301) was placed adjacent to the 216-A-4 crib. Well 299-E24-54 (A591 1) is an older existing
well that is also adjacent to the 216-A-4 crib. The 216-A-21 Crib has not been as well
characterized, with only one direct push hole, C5 57 1, and one older well 299-E24-12 placed
rather distant to the south of the crib. Finally, only a single direct push hole (C53 02) has been
driven through the 200-E-102 Trench. A map showing the region of investigation is provided in
Figure 5. Figure 5 also show the top 80 ft of the spectral gamma logs [SGLS] generated from
interrogating the steel cased boreholes with various gamma detecting tools. The SGLS logs were
cut off at 80 ft bgs because no significant man-made gamma signal was found at deeper depths.
The total depths and dates of borehole drilling and logging events are listed in Table 6. The
purpose of this section is to assimilate the existing logging data, the available measurements of
chemicals and radionuclides in the sediment and sediment:water extracts of the sediments from
the boreholes (and wells), and data from the groundwater in the region in an attempt to estimate
the distribution of contamnination. beneath the facilities and the degree of lateral spreading of
contaminants in the fluids disposed to the cribs.

Table 6 lists the boreholes that have been drilled near the three cribs and comments on the cased
borehole geophysical gamma activity measured in the sediments as a function of depth. The
discussion that ensues will emphasize relating the amount and spread of contamination amongst
the three primary waste disposal facilities in the area: the 21 6-A-2, 21 6-A-4, and 21 6-A-2 1 Cribs
based mostly on the cased borehole geophysical gamma logs.

According to historical documentation (WIDS), the 216-A-2 Crib received the lowest amount of
Cs-i 37 of the three cribs, at 1.86 Ci. Additionally, this crib received the lowest volume of waste
(230,000 L) by a factor of -20 to -300 vs. the 216-A-4 and 216-A-21 Cribs, respectively. The
estimated concentration of Cs- 137 in the liquid waste stream disposed to the 21 6-A-2 Crib (SIM,
Rev. 1) decay corrected to 1-1-2001) was 9.OE+06 pCi/L, which is a factor of ten times more
concentrated than the liquid waste streams disposed to the 21 6-A-4 and A-2 1 Cribs, respectively.
Borehole gamma logging data from mid-2007 is available for two boreholes emplaced within the
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foot print of the 216-A-2 Crib [C5515 and C5570]. Both boreholes confirm the presence of high
levels of Cs- 137 beneath the crib. The total amount of gamma activity in the two boreholes
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Figure 5. Map showing spectral gamma and high rate logging data (specifically for Cs 137 ) for
boreholes emplaced near the 216-A-2, 216-A-4, and 216-A-21 Cribs and the 200-E- 102 Trench.
See Table 6 for details on the total depths of each borehole/well and the dates of the logging
events and discussion on log results deeper than 80 ft bgs.
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exceeded the dead time capacity of the spectral gamma tool and as a result, the high rate logging
data had to be converted to equivalent Cs-137 activity. Peak Cs-137 activities in the SGLS logs
from the two boreholes within the foot print of 216-A-2 Crib ranged from 2E+06 pCi/g (C5515
at 27.5 ft bgs) to 2E+07 pCi/g (C5570 @ 27.5 ft bgs) based on borehole spectral gamma logging.
These peak concentration values coincide with the sediment interface between the bottom of the
gravel-filled crib and the surrounding native sediment and are in good agreement. Based on the
logging data, there appears to be migration of the Cs- 13 7 from the vitreous clay pipes at 21 ft bgs
down to the crib bottom (bottom of the gravel fill) at 28 ft bgs and deeper into native sediment.

Determining the maximum depth of the Cs- 13 7 contamination in the two boreholes is more
difficult due to apparent casing contamination caused by driving the drill casing (smearing
contamination) through and below the peak zone of contaminant detected (-27.5 ft bgs). The
spectral gamma log data shows apparent Cs- 13 7 contamination to the bottom of the borehole
(-35 ft bgs) in C5570; Stoller Inc. reported that casing contamination was also observed in
borehole C55 15. This smeared contamination can be differentiated by comparing the
geophysical Cs-137 log (C55 15) results through the 1st string of casing (driven to -85 ft bgs) to
the 2"n log, which was run through the remainder of the borehole (using a 2 nd string of casing)
from 85 ft bgs to the total borehole depth. The I"t logging run reveals elevated Cs-137 all the
way to the bottom of that Ist casing (-85 ft bgs) with concentrations ranging up to a 1000 pCi/g.
However, the interval immediately below this depth and all the way to total depth did not
encounter Cs- 137 contamination. As reported by Stoller in the log report, this discrepancy
between the geophysical log runs strongiy suggests that the contamination detected below -28 ft
bgs to the bottom of the lSt casing ('-85 ft bgs) is solely due to casing contamination rather than
contamination in the formation from crib disposal operations. These data strongly suggest that
the depth of Cs- 13 7 contamination maybe limited in depth to no more than about 40 ft bgs.

Sediment grab and core samples retrieved from C55 15 showed a few samples with detectable
Cs-137 (Table 7). The samples show a sharp peak of Cs-137 [31,000 pCi/g] at 27.5 ftbgs with
additional elevated [-->1000 pCi/g] values between 3 0.2 to 3 0.3 ft bgs with the next shallower
and deeper samples measured at 24.8 and 33.3 ft bgs showing much lower activity. The
continuous field logs show the activity peak, with values >I1OE±04 pCilg, occurred between 2 5.5
and 29.5 ft bgs. Thus, the depth discrete grab samples could have missed the most radioactive
zone, which appears to be very thin, and only detected near the bottom of the 216-A-2 Crib by
the borehole geophysical logging.

The total mass of Cs- 137 (in curies) that would be present in the foot print of the facility in the
thin extremely concentrated zone between 26 and 29 feet bgs would be -1000 curies if the total
volume contained 2E+07 pCi/g and -100 curies if the volume contained 2E+06 pCi/g. As shown
in Table 4 the total inventory of Cs-137 disposed to A-2 crib was only 1.86 curies. It would thus
appear that the extremely radioactive zone does not cover the entire cross-sectional area of the
crib. Alternatively, either the spectral gamma activity values are incorrect or the inventory
estimate is wrong. One conclusion that can be drawn from this Cs-137 concentration times
estimated volume of contaminated sediment analysis is that the inventory of Cs- 13 7 disposed
appears to be strongly bound within a very small volume of sediment within a few feet of the
crib bottom and that there is more than adequate sediment volume in the crib foot print to have
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adsorbed the total inventory disposed given the concentrations of Cs- 13 7 observed by spectral
gamma logging and discrete sediment sample analysis.

The sediment samples from borehole C5515 show Cs-i37 activities ranging from -1 to 15 pCi/g
at depths in excess of 40 ft bgs. These values are lower than the spectral gamma logging data,
which can be explained because the borehole geophysical spectral data is picking up the
additional Cs-i 37 on the contaminated casing. Based on these data, the Cs-i 37 contamination
reaches about 40 ft bgs and the contribution to geophysical log signal from casing contamination
below 40 ft bgs accounts for all the deeper apparent activity.

At push hole C5570 the spectral gamma logging suggests there was a high activity, very sharp
and thin peak centered at the very bottom of the crib (-28 ft bgs). The moderate vertical and
lateral migration of contamination at this crib is confirmed by the geophysical logging data
measured in borehole 299-E24-53, which was emplaced 1.5 mn outside the crib foot print in 1955.
Borehole 299-E24-53, which was logged in 2005, detected Cs-137 from approximately 28.5 ft
bgs to the bottom of the borehole (-52 ft bgs); peak Cs-137 activity of 3500 pCi/g was detected
at approximately 33.5 ft bgs. In 2007, the spectral gamma logs for borehole C55 15 and C5570
showed I to 2.6 E+03 pCi/g Cs-137 was present at 39 and 34 ft bgs, respectively. Cs-137,
measured via gamma energy analysis, of the actual sediment samples retrieved from comparable
depths ranged from 50 to 30 pCi/g, a factor of 10 lower. These differences in Cs-i37
concentration data can be explained as casing contamination measured in the geophysical logs
below the peak zone of contamination, which would not be seen in the grab samples.
Regardless, the activities of Cs- 137 dropped 3 to 4 orders of magnitude below the peak interval
over 6 to I I ft vertically. Clearly, based on the spectral gamma log at 299-E24-53 (located
outside the crib), some vertical and lateral migration of waste in the range of 13 to 19 ft below
the inlet pipes (6 to I I ft below bottom of crib), and at least -5 ft of lateral spreading has
occurred from this disposal facility at a depth of - 3 ft below the inlet pipe elevation or 6 ft from
the crib bottom. Based on the Cs-i37 logs from 299-E24-53, the first vertical detection is
approximately 29 ft bgs, which is very close (- I ft) to the crib bottom. The peak Cs- 13 7 activity
occurs at approximately 33.5 ft bgs. This old borehole has been logged repeatedly over the
years; the available data cover a period from 1982 to 2005 (23 years). Comparison of
geophysical log results for that time range indicates no movement or change in concentration for
Cs-i37. This data suggests that the Cs-i37 spread laterally to this area very early on and
probably during the time active disposal was occurring to the crib, but has not spread any farther.
Assuming that the lateral spread of Cs- 13 7 has reached 5 ft beyond the crib foot print in the
easterly direction, the plume foot print could have a cross-sectional area of at least (20 ft X 25 ft;
46 in 2 ). If the wastes disposed to the 216-A-2 Crib percolated down throughout this larger cross-
section, and we use the same assumptions on the volumetric moisture content of 10%, the
leading edge of the waste plume would have descended to approximately 185 to 190 ft bgs,
which is well above the current water table at -3 14 ft bgs.
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Table 7. Cs-137 Activity in Grab and Core Samples from Borehole C5515 Emplaced
within 216-A-2 Crib, (PNNL analyzed grab samples and others analyzed core samples)

Sample ID Depth (ft bgs) Cs-137 (pCilg)

BINRHO 14.25 <0.01

B1NPWO 17.8 <0.06

BlNPW3 24.8 0.16

BIR227.25 31,000

BINR91 30.2 827; 1070
30.2 1510; 3700

BINPW4_______ 30.3_________ 9694; 12700

__________31.75_ 393; 448

BlNR9 33.3110; 176

BINRI{2 33.3 130
33.3 90

B1NPW6 34.2 1030; 1700

B1NPW7 37.2 873; 1390

B1NPW8 39.8 16.4; 42

B1NPXO 45.3 2.5

B1NPX1 47.3 9.29

BINRH4 48.5 14.5

B1NPX3 51.8 0.51

BINRH7 55.8 5.31

BINPX5 57.25 6.16; 9.01

B1NPX6 59.8 0.91

B1NPX8 64.3 7.78

B1NPYO 70.3 <0.06

BiNPYl 72.8 <0.06

B1NPY 4 79.8 <0.06

All deeper PNNL samples <0.06

All deeper WSCF samples <0.01
Yellow shading WSCF; Pink shading Eberline; tan shading 222-S lab; white PNNL
Blue type represents GEA of acid extracts of the sediment and black type represents direct
sediment GEA counting.

At the 216-A-4 crib, there is one borehole within the crib [C4671 ] footprint that was
spectral gamma logged and one borehole [C4560] that was not logged (but for which one
grab sample of sediment was obtained) and two wells outside (0.5m from the NE corner
[299-E24-54] and 2.5 m from the SW corner [299-E24-23 (C5301)]) the crib,
respectively. The ionic strength of the solution disposed to the 216-A-4 Crib was about 3
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times larger than the solution disposed to 216-A-2 Crib, assuming that the organics in
216-A-2 Crib waste stream were not electrically charged. The higher ionic strength of
liquid waste disposed to the 216-A-4 Crib should promote migration of Cs- 137 to greater
distances than Cs- 13 7 migration at the 216-A-2 Crib. Additionally, a larger volume,
approximately 6.21 million liters of waste fluids were disposed to the 216-A-4 Crib
compared to 216-A-2 Crib, which also would promote more Cs-137 migration. The
disposal facility's piping is -18 ft bgs and the crib bottom is at -25 ft bgs with gravel
placed between the pipes and crib bottom.

The borehole gamma logging data (C4671) inside the 216-A-4 Crib shows very large
concentrations of Cs-137 beginning near the depth of the crib piping inlet and increasing
to a maximum concentration (2.36E+08 pCi/g) at approximately 20 ft bgs, which is
approximately 5 ft above the bottom of the crib. Measurable Cs-137 is found all the way
to the total depth of borehole C467 1 at 58 ft bgs, but the repetitive and consistently
spaced peaks in the geophysical log data at approximately 35, 45, and 55 ft bgs are casing
contamination artifacts and most likely not real. The bulk of the contamination appears
to drop off in concentration below approximately 3 5 ft bgs at this location.

In well 299-E24-54 (A591 1), located -0.5 m northeast of the 216-A-4 Crib corner, Cs-
137 is detected beginning at approximately 29 ft bgs (excluding a small near surface zone
of contamnination). The Cs-i 37 shows two activity peaks of about equal values at
approximately 30 ft bgs and 66 ft bgs with a maximum activity near 60 pCi/g and drops
below detection at approximately 38 ft bgs. Surprisingly, Cs-i 37 is again detected
deeper, averaging several tens of pCi/g between 64 to 91 ft bgs, with the maximum of 60
pCi/g at 66 ft bgs). The fact that this well is only 0.5 m from the 216-A-4 Crib foot print
appears to suggest that lateral migration of Cs- 137 from the crib foot print is quite
limited. Borehole geophysical logging in this borehole can be traced back to 1963 with
the total gamma activity nearly two orders of magnitude higher then than the total gamma
activity measured during the 2005 survey. Repeat logging data from this well over the
last several decades reveals that, while the total activity (attributed mostly to Cs- 13 7) was
much higher in the past (decayed away), the vertical location of the Cs- 137
contamination in the well has not changed and not migrated deeper, remaining fixed. The
bimodal shape of the spectral gamma logging through the casing at 299-E24-54 suggests
that the horizontal spreading of Cs- 13 7 from the crib foot print has been irregular; that is
fluids percolating vertically through the crib exhibit irregular horizontal spreading planes
most likely caused by subtle differences in grain size in the stratigraphy (finer-grained
thin beds are known to promote horizontal spreading).

At the other well, 299-E24-23 [C53 01 ], drilled 2.5 m southwest of the 216-A-4 Crib foot
print, detectable Cs-137 was found from the ground surface down to 23 ft and from 46 to
76 ft bgs. The highest Cs-137 activity (15 pCi/g) in the spectral gamma log at well 299-
E24-23 (C5301) was found at 49 ft bgs. However, the Cs-137 activity of sediment
samples taken from well 299-E24-23 (C5301), as shown in Table 8, does not exceed 9
pCi/g and this maximum value resides in a fine-grained thin lens at 51 ft bgs. The two
different measurements (continuous borehole geophysical logging and discrete sediment
samples) are likely capturing the small amounts of Cs- 13 7 contained in the thin fine-
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grained lens. The fact that the Cs- 137 concentrations in both of these boreholes just
outside the 216-A-4 Crib footprint [299-E24-54 is only 0.5 m and 299-E24-23 [C5301 ] is
2.5 m from the 216-A-4 Crib foot print] are up to 10 million times smaller than the
maximum Cs- 13 7 activity within the foot print demonstates that lateral migration of Cs-
137 from the crib foot print is quite limited. This is corroborated by direct analyses of
sediment from 299-E24-23 (C5301), where low concentrations of Cs-137 (<20 pCi/g)
are detected below the crib depth from approximately 45 and 76 ft bgs. There are limited
measurements of sediment from the C4560 borehole within the crib foot print (shown in
Table 8). The Cs- 13 7 content in sediments within the crib foot print down to the
maximum depth of the borehole ('-25 ft bgs) shows very high concentrations near the
bottom of the crib (22.5 ft bgs). Borehole C4560 was never geophysically logged and
decommissioned before reaching the planned total depth due to unexpected high levels of
Cs-137 contamination encountered during drilling. Borehole C4671 was added near
C4560 to collect borehole geophysical data to delineate the extent of the high radiological
contamination. The borehole gamma log for borehole C467 1, which is right next to
borehole C4560, showed a maximum Cs-137 activity of -2.4 E+08 pCilg at 20 ft bgs.
The value [5 E+06 pCi/g] in C4560 sediment is deemed to be more accurate because it
was a direct measurement as opposed to being an estimate based on converting count-rate
data from a highly shielded detector through the steel borehole casing (C467 1). Either
way, there is little doubt that there is a zone of very concentrated Cs- 13 7 near the bottom
of the 216-A-4 Crib that does not migrate very far laterally based on the two wells, 299-
E24-54 and 299-E24-23 (C5301), which are only 0.5 and 2.5 m outside the crib foot-
print, respectively. It also appears that the vertical migration of Cs- 137 within the 216-A-
4 Crib foot print during active disposal was limited and now appears to be fixed.
Between 20 and 32 ft, Cs-137 concentrations decrease to between 103 and 104 pCi/g and
remain in this range to the total depth of borehole C4671 at 58 ft bgs. The very high
concentrations at 20 ft bgs, estimated to be 2.4 E+08 pCi/g, appear to be approximately 1
foot thick. Although the leading edge of the Cs-1 37 plume (vertically) in the crib foot
print has not been determined, it does appear to extend below 58 ft. However, the center
of mass of Cs- 13 7 disposed to the crib remains near the crib bottom within the gravel
between 20 and 25 ft bgs.
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Table 8. Cs-137 Activity in Sediment Samples Obtained from Inside and Outside the
Foot Print of 21 6-A-4 Crib

Borehole Sample ID Depth (ft bgs) Cs-i 37 (pCilg)
C4560 B195V9 1.75 0.61

_________ B195WO 13.75 <0.01

B197F0 19.75 63,600
B1CLN9-B 22.5 5,630,000

C5301 B1IL4Y7 22.25 0.00
B1L4T7,B1L5N2 30.25 <0.01

BIL500 30.75 <0.06
BIL504 39.75 <0.06

B1L4V2, B1L5N6 44.26 <0.01
BlM5Xl 51 8.56
all deeper PNNL samples <0.06

all deeper WSCF samples <0.01
C4560 is within the crib foot print and C5301 is 2.5 mn outside the foot print in the SW corner
Yellow shading WSCF and white shading PNNL data

The Cs- 13 7 spectral gamma data do not indicate that much horizontal spreading or
vertical percolation occurred at this site; however, more direct measurement of mobile
constituents in the deeper sediments from C530 1 borehole, such as nitrate and tritium,
suggest that fluids disposed to the 216-A-4 Crib have percolated down to -300 ft bgs and
have spread at least 2.5 meters southwest of the crib's foot print. Based on the estimate
that the volume of liquid disposed to the 216A-4 Crib exceeded the specific retention
capacity of the crib foot print by 19 times, deep penetration of mobile constituents and
horizontal spreading should be expected.

A simple box model of the 21 6-A-4 Crib with four compartments within the foot print
from the depth of the inlet pipes down to 58 ft bgs, the depth of the direct push hole
C467 1 using a combination of the Cs- 13 7 concentrations estimated by spectral gamma
and direct sediment measurement yielded a total inventory of -1 15 curies. This assumed
that the one-foot thick zone at 20 ft bgs contained 5 E+06 pCi/g Cs- 13 7 based on the
direct measurement of sediment as opposed to the estimated concentration of 2.4 E+08
pCi/g from the highly shielded gamma log. As found for the 216-A-2 inventory
calculation, this estimate is much larger than the SIM, Rev. 1 estimate for Cs-i 37
disposed to 216-A-4 [4.86 curies]. The main conclusion is that the observed
concentrations of Cs-137 in sediments removed from the shallow in the foot print
contain all of the inventory disposed and that the entire crib foot print likely does not
contain the high Cs- 13 7 concentrations observed in the sediment sample taken from the
center of the crib [borehole C467 1]. Further, there are only small amounts of Cs-137
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laterally outside the crib foot print as evidenced by samples and gamma logs from wells
299-E24-23 (C5301) and 299-E24-54.

The 216-A-21 crib received the largest amount of Cs-137, 64 total Ci, of the three cribs
studied. Additionally, the -78 million liters of fluid disposed to this crib was an order of
magnitude more volume than that sent to the 216-A-4 Crib, and more than two orders of
magnitude more volume than that sent to the 21 6-A-2 Crib. Unfortunately, only one
shallow borehole within the foot print of the 216-A-21 Crib and no borehole logs outside
the foot print [although there is one old monitoring well 299-E24-12 to the southwest] are
available to assess the level of contamination associated with the crib. Based on the
borehole geophysical logging data for push hole C5571 located within the crib foot print,
Cs- 13 7 associated with the 21 6-A-2 1 Crib exhibited the largest degree of vertical
movement of all three cribs studied. While the peak Cs-137 activity of 1.3 E+06 pCi/g
was encountered at approximately 21 ft bgs, which is -2 ft below the crib bottom, the
overall zone of Cs-137 contamination began to increase dramatically at about 10 ft bgs
and dropped off around 3 5 ft bgs. While Cs- 13 7 was detected over the entire length of
the direct push borehole, which terminated at -60 ft bgs, there was internal
contamination confirmed (Stoller log report) inside the casing and there is no way to
determine how much of observed contamination below -35 ft bgs is due to casing
contamination carried down the outside of the casing. This relatively continuous, low
concentration Cs-137 contamination below the large contaminant peak (10 to 35 ft bgs) is
very similar to the drag-down contamination documented in the C5515 borehole at the
216 A-2 Crib. C5571 was a closed end direct push hole with the capability to sample
only at a few depths; two sediment samples were obtained at depths of 39.75 and 59 ft
bgs, respectively. The Cs-137 contents in these two samples were 3,700 and 180 pCi/g,
respectively. The actual measurement of Cs-l 37 in the sediment at 39.75 ft bgs was
about 5 times greater than the borehole geophysical log calculated value, but could be
explained by the lack of depth control of where the grab sample actually came from in the
pulled back casing. The sample was collected as the casing was pulled back and could
have collapsed into the open borehole from a shallower and more contaminated interval.
The Cs- 137 activity in the sediment sample at 59 ft bgs was consistent with the gamma
log calculated value. Based on an inlet pipe depth of approximately 10 ft bgs but with
vertical perforated pipes descending to the crib bottom at 19.3 ft bgs, measureable Cs- 13 7
has migrated at least 50 ft below the inlet and 40 ft below the crib bottom. While no
boreholes are available to investigate the degree of lateral spreading beyond the foot print
of the crib, it is believed that more lateral and vertical spreading would be found at the
21 6-A-2 1 Crib than was measured at the 21 6-A-2 or A-4 Cribs since the volume of waste
disposed to the 216-A-21 Crib was larger by a factor of 340 and 13, respectively.

The fact that the volume of waste disposed to the 21 6-A-2 1 Crib exceeded the specific
retention capacity of the vadose zone beneath the crib by about 94 times suggests mobile
contaminants disposed to this crib have percolated deeply and spread horizontally within
the fine-grained layer between 280 and 300 ft bgs and perhaps have broken through to the
water table.
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Using the same "box model" exercise for calculating the mass of Cs- 13 7 within the 216-
A-21 Crib foot print, based on the spectral gamma log and two sediment samples
retrieved from push hole C5571, we estimate that sediments within the foot print of 216-
A-21 down to 60 ft bgs contain -60 curies of Cs- 13 7. This compares quite favorably
with the SIM, Rev. 1 estimate of 63 .7 curies.

The geophysical spectral gamma logging of borehole C5302, located within the 200-E-
102 Trench, shows a narrow zone of Cs- 13 7 contamination in the sediment relatively
deep beneath the trench from 36 to 42 ft bgs with a maximum concentration of 112 pCi/g
at 3 8 ft bgs. There is a small concentration of Eu- 154 ('- 3 pCi/g) found between 48 and
54 ft bgs. There is also an indication of bremimstrahlung radiation between 40 to 47 ft
bgs that would be evidence of the presence of Sr-90 based on another similar situation
found while logging the casing at a borehole near single-shell tank B3- 110 for which
confirmatory sediment samples were obtained that contained significant concentrations of
Sr-90 [see Seine et al. (2002d) for details]. Only one sediment sample was obtained and
characterized from borehole C5302 at a depth of 55 ft bgs. The Cs-137 content of this
sediment sample was 0.83 pCi/g.

If the disposal history at the 200-E- 102 Trench is solely the placement of contaminated
sediments removed from the 216-A-4 Crib when it plugged in 1958, it is odd that the
three radionuclides, Cs-1 37, Eu-1 52, and Sr-90 are found at depths between 36 and 54 ft
bgs as opposed to shallower in the vadose zone. Records indicate that the trench's depth
was only 4 ft. Additionally, it is documented that a one-foot deep layer of clean fill was
placed on top of the trench immediately after the contaminated sediments were placed in
it. In 1999, the whole area was covered with clean gravel. Why the gamma emitting
radionuclides are found 30 to 50 ft deeper than where the contaminated sediments were
buried is unknown. All three of the radionuclides should have partitioned relatively well
to Hanford sediments. Therefore, contaminated sediments placed in a trench and then
contacted only with natural precipitation should not have caused the bulk of the
radionuclides to migrate to depths of 36 to 54 ft bgs.

The spectral gamma logs of this borehole show no radioactivity from the ground surface
to a depth of 36 ft bgs. If contaminated sediments were placed in this trench and covered
over with clean backfill, then the gamma logs should have detected radioactivity at
shallower depths, even if one assumes that contaminated sediments were spread
throughout the entire foot print of the trench. The mass of contaminated sediment from
around the 216-A-4 Crib that was scraped up and buried in 200-E- 102 Trench needs to be
further investigated so that the disposal operation at 200-E- 102 Trench can be better
constrained. Perhaps the 200-E-1 02 Trench was used earlier for disposal of liquid wastes
and the contaminated sediments added latter were in fact not laden with detectable
gamma emitters such that the logging signals are showing only past liquid waste
generated adsorption patterns for relatively good sorbates. However, the SIM, Rev. 1
database does not include any information for the 200-E- 102 Trench, which suggests that
this facility did not receive liquid wastes from documented disposal activities.
Alternatively, perhaps the contaminated sediments from the 21 6-A-4 Crib were placed in
only the eastern portion of the trench, such that their activity was not detected due to the
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placement of borehole C5302. Finally, if the mass of contaminated sediments was very
small and it was evenly distributed throughout the trench in a very thin layer, it is
possible that the logging technique did not detect the thin zone of 216-A-4 contaminated
sediments placed shallow in the trench. A final scenario could be lateral spread of
contamination from the 21 6-A-2 1 Crib in a northerly direction to intercept the foot print
of the 200-E- 102 Trench; however, this would appear unlikely given the distances
between the two facilities and the small vadose zone lithology dip to the southwest. At
this time, the source of the gamma contamination found in borehole C5302 remains
unresolved.

All of the borehole geophysical gamma logging and sediment characterization data for
the 216-A-2, 216-A-4 and 216-A-21 Cribs can be used to estimate the total mobility of
Cs-137 disposed to the cribs. The field gamma logging estimates can be compared to
direct analyses of sediments collected as a function of depth at boreholes. The 21 6-A-4
Crib received 5 Ci of Cs-137 in 6.2 million liters of liquid waste. High levels of Cs-137
have been encountered in both the gamma logs and direct analysis of sediment samples
sent to analytical laboratories from boreholes emplaced within the 216-A-4 Crib foot
print. The peak Cs-137 activity measured in sediment retrieved from the abandoned
borehole (C4560), which was stopped at -23 ft bgs, was approximately 2E+06 pCi/g at
21 ft bgs.

Direct push borehole C467 1, which was stopped at 60 ft bgs, was pushed through a zone
of Cs-137 with an activity in excess of 2.4E+08 pCi/g at 20 ft bgs. Beginning at12 ft
bgs, Cs-137 activities increase rapidly to the maximum value at 20 ft bgs. The zone of
maximum activity appears to be less than 1 ft thick. Between 20 and 32 ft, Cs-137
activities decreased to between 10 3 and 104 pCi/g and remained in this range to the total
depth of the borehole (58 ft bgs). Sharp peaks occurred at 35, 45, and 55 ft bgs; this is
most likely related to accumulated contamination on the outside of the casing joints,
which has been noted at boreholes logged inside tank farms, or from contamination
leaking through casing joints that form poor seals. This boring is known to have
significant internal contamination, and at least some of the observed contamination can
be attributed to internal casing contamination and/or sonde contamination. Thus, it must
be noted that significant contamination was found on the inner casing walls in borehole
C4671 and could have led to an overestimation of the Cs- 13 7 activity in this borehole.
Given that the inlet pipes to the 21 6-A-4 Crib are 18 ft bgs, finding the maximum
concentration of Cs-137 at -20 ft bgs suggest that the bulk of the Cs-137 did not migrate
more than a few feet in the vertical direction and probably was sorbed/contained at the
backfill-native sediment interface at the base of the crib.

In addition to these two shallow boreholes inside the 21 6-A-4 foot print, two holes have
been emplaced outside the crib foot print. Well 299-E24-54 was emplaced 0.5 mn to the
northeast of the crib and well 299-E24-23 (C5301) was emplaced approximately 2.5 m
southwest of the crib. Spectral gamma logging and actual sediment data from well 299-
E24-23 (C5301) identified trace amounts of Cs-137 contamination (see Table 8). Well
299-E24-54's spectral gamma log had two peak activity intervals, one at -31 ft bgs (-50-
60 pCilg) and 55.3 pCilg at 65.5 ft bgs. Well 299-E24-23 (C5301) had a peak activity of
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50 pCilg at 49.5 ft bgs. At 299-E24-54, the first and actually more pronounced peak may
be associated with the bottom of the crib and is different than the deeper peak at 65.5 ft
bgs, which is also similar to the C5301 peak at 49 ft bgs. We speculate that the shallower
peak in 299-E24-54 is seeing lateral spread and -6 ft of vertical migration from the crib
bottom. This lobe of Cs-137 activity is not encountered in the C5301 borehole that is
farther away from the crib foot print. Also, there is a significant lithologic grain size
decrease in a thin zone in the vicinity of 50 to 55 ft bgs and within the sediment below
these depths, which would tend to correlate well with where the deeper Cs- 13 7 peaks are
located in both boreholes.

While the total depth of Cs- 13 7 contamination at these boreholes is 31 to -5O ft deeper
than the elevation of the inlet pipes, the lack of significant activity in either of these two
boreholes in comparison to the millions to hundreds of millions of pCi/g concentrations
found inside the crib foot print right below the inlet pipes implies that the Cs- 13 7 is fairly
well adsorbed by the sediments. The logging data for the four boreholes within and
surrounding the 21 6-A-4 Crib allow for a qualitative estimate of the lateral spreading as
well as the vertical penetration of Cs-i 37 to be made. The two boreholes outside the
216-A-4 Crib foot print are approximately 2 and 8 ft beyond the foot print. Therefore,
Cs- 13 7 did not migrate horizontally more than a few tens of feet and did not migrate
vertically more than -30 ft below the crib bottom, despite the disposal of -6.2 million
liters of waste that would have filled the pore spaces below the crib bottom foot print all
the way to the groundwater, a distance of -290 ft. In addition, repeat geophysical
logging in 299-E24-54 dating back to 1982 confirms that there is no change in the Cs- 13 7
activity profile and strongly suggests that there is no vertical movement of Cs- 13 7.

Again the main take home message out of the Cs- 13 7 migration discussion and "box
model" calculations based on the observed spectral gamma logs and discrete sediment
measurements is that this immobile contaminant binds to sediments within a few tens of
feet to maybe 50 ft below and laterally from the facility foot prints. Attempting to
determine the total mass of a strongly binding contaminant based on a few discrete
sediment samples taken from vertical boreholes, even when combined with the more
continuous spectral gamma logs is problematical. In one detailed study of Cs-i 37
spectral gamma logs using both a slant and vertical borehole and dozens of discrete
sediment samples from the two boreholes, S eine et al. (2002 a,b) found Cs- 13 7
concentrations could vary by 4 orders of magnitude over distances of less than 6 inches in
both vertical and horizontal distances.

6.0 Effects of Waste Solution Chemical Composition and Total Cs Concentration on
Cs-137 Sorption

Because the largest amount of available data to assess the vertical distribution of
contaminants below the PUREX A Cribs and the horizontal spreading of contamination is
the borehole geophysical logging data, which is complemented by the fewer direct
measurements of sediment samples from discrete depths in a few of the boreholes, we
will focus on assimilating the Cs- 13 7 data as our first attempt at quantifying the vertical
and horizontal extent of contamination below and surrounding the PUREX cribs. Based
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on the fact that past comparisons of borehole geophysical spectral gamma logs and direct
measurement of Cs- 13 7 activities in discrete sediment samples taken from the same
boreholes have universally shown very good agreement [see Seine et al. (2002a,b,c,d and
2004 a,b)], we feel confident that the endeavor is technically valid. Further, the
geochemistry of Cs- 13 7 adsorption onto sediments has been studied extensively over the
past 50 years. At the Hanford Site, the sorption of Cs-i 37 has been well characterized,
and detailed numerical adsorption models have been produced [Zachara et al. (2002),
Steefel et al. (2003), and Lichtner et al. (2004)1. The only drawback to using Cs-137 as
the tool to interpret the vertical and horizontal extent of contamination spread is the fact
that cesium is quite interactive (adsorbs well) with Hanford sediments. Thus, less
interactive contaminants would be expected to travel significantly larger distances both
vertically and horizontally in waste fluids that percolate through the vadose zone.
However, if we have a good estimate of the distribution of Cs-137 in the subsurface and
can accurately quantify the Cs-i 37's sediment interaction strength, such as by the Kd
construct, we have good estimates of the sediment interaction strength of most other
contaminants of concern. Using simple one dimensional, or better yet more sophisticated
multi-dimensional, transport models based on the Kdj construct, and knowledge of water
flow rates, one can then estimate the distances that any contaminant might travel.
Therefore, we offer the following discussion.

In general, cesium adsorption onto Hanford sediments is controlled by both solution
composition and sediment mineralogy/particle size. The key solution constituents that
control cesium adsorption are the competing cations potassium, sodium, ammonium
(present in some Hanford waste streams including those disposed to the PUREX cribs)
and to a lesser extent, calcium and magnesium. The key sediment minerals of importance
are clays, such as mica and illite, which have specific adsorption sites on their crystalline
structures that are highly specific for adsorbing monovalent cations of the size range in
which potassium, rubidium, cesium and the ammonium ions fall. These highly selective
mineral adsorption sites are found in limited quantity such that they can become fully
saturated with these cations quite quickly; therefore, the concentration of these cations in
the solution contacting the sediments must be considered closely. Once the highly
selective mineral adsorption sites are saturated, further cesium adsorption follows more
common competitive ion exchange on the more abundant "generic" adsorption sites
present on all mineral solid phases that constitute sediments. For those interested, there is
more discussion in the cited references and in citations found within the cited references
describing Cs adsorption models.

For this letter report, we have used Figure 4 from Zachara et al. (2002) to estimate the Kd
values for two "environents" within each of the three cribs being studied. The two
environments per crib are a near-field condition, wherein the sediments are completely
equilibrated with the estimated waste solution disposed at each crib (shown in Tables 1
through 3), and a far-field condition dominated by sediment pore-water concentrations
(Tables 9 through 11). The key waste stream variables of importance are the total cesium
concentration in solution and the total sodium, potassium (if anmmonium is present in the
waste stream it was assumed to be equivalent to potassium) and calcium. We have
assumed that the Hanford formation sediments in the shallow vadose zone at all three
PUREX cribs are similar to the Hanford formation H2 subunit (fine sand) used in all the
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cesium adsorption tests performed in Zachara et al. (2002). We used the SIM, Rev. 1
estimates of waste stream composition shown in Tables 1 through 3 for the macro cations
sodium, potassium (includes any anmmonium) and calcium. For determining the total
concentration of cesiumi in the waste stream, we took the Cs-137 activity and converted it
to mass. Using nuclear fission tables, Dresel et al. (2002) and Evans et al. (2002)
concluded that "fresh" Hanford reprocessed irradiated fuel waste streams contained on a
mass basis about 33% each Cs-133 (stable), Cs-135 (long-lived) and Cs-137 (30 yr half
life). Thus, the total mass of cesium in a Hanford waste at the time of reprocessing
would be -3 times as large as that calculated from the Cs-i 37 activity. Because Cs-i 37
activities are very commonly measured in waste solutions, this value is generally
available. The SIM, Rev. 1 also estimates Cs- 137 activity in each waste stream (decay
corrected to 1-1-2001) as shown in Tables 1 through 3. Because there is essentially no
loss of Cs- 13 5 to decay and no loss for the stable Cs- 13 3, we must correct the Cs- 13 7
activity value available "today" back to the time the fuel was reprocessed or in this case,
back to the date that the SIM, Rev 1 modeling calculations chose: 01/01/2001. For
simplicity and conservatism, we used one half-life decay of Cs- 13 7 in our corrections.
Thus we took the SIM, Rev. 1 estimated Cs- 13 7 values in the three waste streams and
multiplied by 6 [2 divided by 0.33 to account for Cs-137 being only one-third of the mass
of cesium produced] to get an estimate of the total cesium mass concentration in the
waste streams. For now, the following calculations are deemed accurate enough to
estimate reasonable Kd values for Cs- 13 7 in both the waste stream equilibrated sediments
and the current vadose zone pore water and/or current groundwater-aquifer sediment
environments.

Table 12 shows the estimated concentrations of the key cations in the waste streams
based on the SIM, Rev. 1 and the vadose zone pore waters based on direct measurements
of water extracts of sediments from the one borehole placed in or near each of the three
cribs investigated. Table 12 also presents the Kd values for Cs- 137 that were generated
by extracting Kdj values using Figure 4 presented in Zachara et al. (2002) that plots the
values obtained from systematic and detailed laboratory batch tests used to generate the
sophisticated model presented in the paper. The figures in Zachara et al. (2002) show
results for binary cation exchange reactions for Cs vs Na, Cs vs K, and Cs vs Ca. One
can combine the numerical results of such binary tests to estimate adsorption for ternary
systems such as Na, Ca, Cs or quaternary systems such as Na, K, Ca, and Cs. The
similarity of potassium and anmnonium sorption competition with Cs allows one to
assume additivity of their concentrations in either the numerical model or the figures
cited. The same is true for magnesium and calcium sorption competition with Cs. Thus,
a complex natural or waste stream chemical composition can be modeled to estimate
cesium Kd values. In the future, if warranted, the sophisticated numerical model can be
modified to produce a simple EXCEL macro to calculate Cs Kd values from inputting
solution compositions including Cs mass concentrations and estimates of the cation
exchange capacities of both the more ubiquitous general exchange sites and the much less
abundant highly selective mono-valent sorption sites.

The data in Table 12 show that the cesium Kd values for sediments in equilibrium with
the waste streams are generally lower than the Kd values for sediments more distant
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(either deeper in the foot print or laterally at any depth outside the foot print) from the
inlet source; except perhaps 21 6-A-2 1 Crib, where the measured sediment pore water
ionic strength was in fact higher than that in the waste liquids. The influence of higher
total Cs in a given waste solution, which would tend to lower the Kd if all other factors
were equal, is shown by the 216-A-2 Crib waste stream having a Kd value of 1,800 mL/g
versus the 216-A-21 Crib waste stream (cesium K4 of 2,500 mL/g), which contained a
factor of ten less total cesium and a lower total cation composition. A more dramatic
example of cesium 1(4 suppression is shown for the 21 6-A-4 Crib waste stream
composition estimate alternatives used. In one case, we assume that potassium and
ammonium constitute the bulk of the dissolved cations in the 216-A-4 Crib waste and in
the second case, we assume that the waste composition is mostly sodium. The SIM, Rev.
1 estimated that the 21 6-A-4 Crib liquid waste contained high concentrations of
potassium; however, the water extracts and acid extracts of the shallow sediments from
boreholes C4560 (inside the crib) and C5301 Ojust outside the crib foot print) did not
show any elevated potassium, and as more commonly found around Hanford disposal
facilities, slightly elevated concentrations of sodium were found. Potassium and
ammonium compete more strongly for the highly selective adsorption sites in the
Hanford sediments than sodium does. So for solutions at the same molarity, a
potassium/anmmonium solution drives the cesium K4 as low as 8.5 mL/g, versus 700 mL/g
for the same molarity sodium solution. If the solution was calcium dominated at this
molarity, the cesium Kd would be even larger than 700 mL/g. For the pore water
compositions measured in the water extracts from sediments from boreholes C55 15,
C5301, and C5571 [see Tables 9 through 11], the Cs 1(4 values are all fairly large and
show mainly the effects of total cation concentration. For example, a sodium-dominated
pore water at 0.45 M lowers the cesium Kdj to 450 mL/g versus a sodium-dominated pore
water at 0. 02 M, which yields an equilibrium Kdj value of 10,000 mL/g. For all pore
waters analyzed from the borehole sediments, the dissolved Cs- 13 7 concentration and
thus, the total cesium concentration, was not detectable. Therefore, assumed total cesium
concentrations in vadose zone sediment pore waters are very low (<1011 M), and the
sediments being encountered deep in the sediment profile or laterally away from the crib
foot prints have adequate highly selected adsorption sites available to adsorb cesium and
yield the highest 1(4 values possible. This causes cesium to be readily adsorbed by
sediments distal to the waste source locations, in effect, stopping cesium migration from
reaching large distances.

Using the Table 12 cesium 1(4 estimates, the total volumes of liquid disposed to each crib,
and the estimated concentrations (activities) of cesium in the waste streams to compare
with the distribution of cesium in the borehole geophysical gamma logs at the various
boreholes, we make the following observations.

35



E
N N , CN CN 04 N 04 0N C- NI N N N N N N N N N N Cq N N N N N
o o9 b999c966 9 aC599oo 99oa 9 C 9a 99o9So999)

.2 c WI I I I I I IWIW I I IWIW I I IW I IW I IW IW IW
W UWL UL UL UWL UL UL UWL UL

0 > 0N0)COM l r- O 0OC-CiCOC14 co M 0)It O U'C )C O qI r " D 1 -M * ) )L -C ONNC)

o ir- 46 L , 6c :L 6o6o : (14 - 6 4 -

2 mNNNNN NN NN NN

a a 0 )00 N- a C>)~01 C C C) C C C) O )C 0) CD) =- C) 0 U) 0)0

OCC 0~ N-C CO MC M 0C 0) LO N 1C CO M M100) C O 0 D0 C DC

o 0 0 O -N CN N COLmNO NN NCOO C N- ~N N~~ N -N -- N NN

r-5 9c:9999999 9999999999999999
.2o--w www w w w w www w w wu w iw u~w ww w

- 0

mi (_j 0 00 00000000 000000 C 00 00 0 c 0

0 0 t-1- MC0) qt LONW M C0 CWr-CDNCCM 0 L0O -qtN M

e4 r- r- Cr C) r- C- 0 C -C -C) r- 0 0 C>C-C 0 > CD r- - 0 r- C> 0 C

SI-.0 -' ww wwwwwwwwww ww wwwwujuww ww
4 6 LCCo o r--m r--m w m N 4 0 CY)COC C N-0)C1 t-OCD 0

U) N : ------- - -- -- - -- - - -

4. 0 M M)10CC - N CO - N-C CD I- t N- ItNt CO N 00) CO 10
0 r--0C:) c. ~ 1C0 e WceLoe) CO1m0uCOCO010N m N0

L C 0 0Nq-qDpOq 0C0 0Nq 0CDOq O00C0 CC) 0 -0 0 )C
5 : ..E ... .. ... C C . .. .. . ..

- otw w w w w w ww w w w w w w

u E0c - Dm0mmNr-c>- tM0MM0M-a--L
E m CCCCLoCTCOCOmcqcq m c! q " m ,t 9 q q u) q CC.CF-CqCwOCrCm

IL (
D D

zzzzzzzzzzzzlzzzzzzzzzzzzz
co m KmMAL-M-M ----------------



E E E
0 -0

2.C U) M~ I I I . 9 0I 1oc UL UWWL UL

0 2 .m. 1-1r 0 2 11 *.1

_ 0 0

0- *. 0000 - . 0 0 C

o~ ~ o 02 NC)+O

0 V I

0- CD 04 00 1-0 0 -c -0c
mE~ +f +l + +N +q 9 CRT7

0 - 04 N . 0)-
00

. -2 4000 0 0.

CD~I ... . O0~~~D "t 0 o0CNO. O tto

00

Ni cn
0 0 0 0 0m jC0

.+ + + + + +0 )0 )00Co U wwLUw c w w . -.. .- .- . .- . .

0~~ WWL0JNJLOLOUWW

P-4 0

C:) 0 0 0 0 _

00)0 Q (D C> 0 CD

c' cq C)0N cr- M

0 -q- c

0i .2 w 0L . rwwr-

00. 0
C0

0~ ~ ~ W ww ww
E z z En 04D. 0



E

_ U

aU0  10 ei O 0 0 CO C> ) C> CDi ) C. I- 0 CD C 0 C 0 ) 0 ) 0 C
1 0

o: a LU LULU LL L LU LLU LU d LUU LU LU LLU LU LU LU LU LU LU LU LU LU
Lo c. . o CD 0) C'J t c~) C4J co C

1  0) 't 0 V) 0m I, - CD r-' - C 1) 0

0

00 0) 0) 0) 0 0C 0 0D 0 0) 0 0 0 0 0) 0) 0 0 0 0) 0) 0 0

.2.5 Lb LU LU U LU Lb LU LU LU U LU LU LU U LU LU LU LU LU U LU U LU LU
c 'r - CO M~ 0 CO~ C ) 0 ) ) 0 O 0 '- '- 0 C r- MO 0M CM N

-a 0 wD tOO 9N CD U) I'- (D LO m
1 mO 7 Cw 7 wD 'I w D 'I C LO w (N

00

U _j 0) 0 0 0 0 0) 0 0 0) 0 0 0 0) 0 0 0) 0 0 0> 0 0 0 0 0

1LU LU LU LULU W LU LU LU LUWLU U LW LU LUWLULU LU LU U

~0 00

0 0 0) 0 0 0 0 0 0) 0 0 0 0 0 0 0> 0D 0 0 0) 0 0 0 0

CO-MC I COL1,- 0 0)DCO M U' N-t N C
m D00)Nc r-LCJ D U-COC) LODM C

0~ 00000000000 00 0 0000000000Nco

o2 LUWLUWWiuiLU LU uWLUUwwwwLU LU LWU LULU WUw W

_0. 0C )0C o c:O o 0C 00 0 C>C
E . .. .. .. .. .. .. ..

c C O LO r*- M M N 0 It LO t 0)LOLNU-)LtLO -tL I-OO 0

c) co o- m- c,- - - N- N N F) o 4- C4 4 [- m - F- F- [,- N- qt-



0>0 00 C o
to 00 ) 00 C f)

4=~.

0 Uq 0 0l
00 0 0 000

0 0 0

0 C 0 0 C>C

o d e4. r r

00

0.

- _ _-CD .2
>00 CD0 O

Nl 0 V;~

o 0U~~~~C = -- 1.

0 CC :E Q)4-

0~- 0 00~~

C, 0 0 ON -5

0o coCc c

- -~C -- -- 0

C? 00

03 W 0

Q 0

00

- - W EcE E
E E a).Ut

N 0-01



One question that has been raised is "Are the apparent concentrations (high radioactivity
and dose readings) in sediments from boreholes inside the foot print of the 216-A-4 Crib
reasonable given the assumed waste stream that was disposed?" At equilibrium, the
amount of Cs- 13 7 that can be adsorbed on a sediment is equal to the Kdj value times the
equilibrium concentration in solution. Following is the standard equation that defines the
relationship

S = Kd* C (1)

Where S is the amount of contaminant adsorbed on the sediment (pCilg), Kd is in this
case the sorption coefficient for Cs- 137 (units mL/g), and C is the concentration
(pCi/mL) of Cs- 13 7 in the liquid waste stream disposed in the crib.

Based on data contained in Tables 1-3 and 9-11, sediment near the crib inlets of the liquid
waste stream should build up sediment concentrations [S] in the above equation as shown
in Table 13. The results of using the SIM, Rev. 1 waste stream conceptualization and the
Cs Kd conceptual model suggests that the maximum Cs- 137 concentrations predicted to
build up in the sediments right near the crib inlets within the foot print of the three cribs
agree with the observed borehole geophysical gamma logging and the few discrete
sediment samples that happened to be obtained near the peak concentrations for the 216-
A-2 and 216-A-21 Cribs.

The predicted maximum activities for Cs- 13 7 build up on the sediments near the inlet of
the 216-A-4 Crib were significantly lower than the value calculated by borehole
geophysical spectral gamma logging. Additionally, the predicted maximum
concentrations for Cs- 137 in the 21 6-A-4 Crib sediments were also a factor of ten lower
than those measured in a sediment sample collected at 22 to 23 ft bgs within, the crib foot
print. This analysis approach does corroborate the fact that observed Cs- 137 activities
near the 21 6-A-4 Crib bottom are surprisingly higher than expected based on historical
records of the types of waste disposed. Further, the predicted waste composition of the
concentrated miscellaneous UJNH (P1I) waste stream is dominated by potassium at -0.35
M. If this was the case, the Cs-137 Kd would be relatively low [<10 mL/g] and the
distribution of sorbed Cs- 13 7 should be rather diffuse [a thick zone] compared to the
sharp, thin, intensely concentrated plumes generally observed in the vadose zone below
disposal facilities. Note that when the spectral gamma plots versus depth are re-plotted
on a linear concentration scale as was done in Figure 5 versus the traditional log
concentration scale used by S. M. Stoller Corp., the vertical distributions become even
more pronounced and sharp (very thin peaks) in appearance. The borehole geophysical
spectral gamma log for borehole C467 1 within the foot print of the 21 6-A-4 Crib shows a
distinctly sharp vertical distribution, and the two boreholes outside the crib foot print
[C5301 and A591 1 (299-E24-54)] show little evidence of lateral spreading of Cs-137,
despite the disposal of 6.21 million liters of waste. The water and acid extracts of the
sediments throughout the vertical extent of well 299-E24-23 (C5301) also do not show
any elevated potassium concentrations above natural background amounts. The total
estimated inventory of potassium disposed to the 216-A-4 Crib was -76,000 kg, yet no
anomalously high potassium concentrations were found outside the crib foot print. No
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potassium data was collected on sediments within the crib foot print. We thus question
whether the correct waste stream composition was assigned to the 216-A-4 Crib by the
SIM, Rev. 1 staff or alternately, the chemical algorithm used to assign chemical
compositions might be erroneous.. We base our skepticism on two different points: lack
of elevated potassium observed in sediments proximate to the crib and the very sharp
vertical distribution of the Cs- 13 7 distributions inside the crib coupled with the lack of
any evidence of lateral spread of Cs- 13 7 in the sediments right outside the crib foot print.

Conversely, the vertical and horizontal spread of Cs- 137 observed in the sediments
within the foot print and just outside the eastern edge of the 21 6-A-2 Crib seem
significant compared to the estimated Cs- 13 7 Kdj values for both the waste stream (1800
mL/g) and the pore water (10,000 to 14,000 mL/g) measured inside the foot print
throughout the C5515 borehole profile. The total volume of waste disposed to the 216-
A-2 Crib was only 0.23 0 million liters, and given the high predicted Kd values, we would
not expect the observed relatively large lateral and vertical movement of Cs- 13 7 at this
location. Recall that the 216-A-2 Crib waste stream was laden with TBP and NPH, and
the calculated charge balance of the modeled composition was very poor. Based on our
geochemnical experience and understanding, neither TBP nor NPH should have a
chemical impact on Cs interactions with sediments. However, these organics may
dramatically alter solution viscosity, sediment particle surface wetting properties, and
water flow characteristics. Finally, the SIM, Rev. 1 chemical composition estimate for
waste disposed to 216-A-2 Crib, which showed a poor charge balance that we arbitrarily
"fixed" by adding sodium, may be wrong. Additionally this may have been a poor
assumption to use, as adding sodium to compensate for missing cation charge forces the
cesium Kd estimates to large values (compared to values if potassium or ammonium were
used to reach charge balance) and thus, the predicted mobility of cesium would be
minimized versus using the unbalanced cation-anion composition listed in SIM, Rev. 1.

At the 21 6-A-21 1-Crib, the vertical extent of cesium migration (maximum observed at 21
feet bgs and significantly elevated values down to 40 ft bgs within the foot print of the
21 6-A-2 1 Crib below the inlet pipes [situated somewhere between 7 and 10 ft bgs
dependent on historical document cited]) in our opinion, seems appropriate based on the
range of estimated Kd values and the large volume of fluid disposed (77.9 million liters)
to the crib. There are no boreholes off to the sides of the 216-A-21 Crib that could be
logged to investigate horizontal spreading to see if the large volume of waste liquid
disposed did indeed lead to horizontal spreading.
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7.0 Comments of the Utility of Available Direct Sediment and Sediment Extracts
Data to Estimate Vadose Zone Contaminant Vertical and Lateral Distributions and
Total Vadose Zone Inventories

Past CERCLA inactive-facility field studies at and around cribs have relied on taking
sediment core samples at several pre-selected depths and analyzing the sediment samples
for a select list of chemical species focused more so on determining the total
concentrations of regulated chemicals and radionuclides (more commonly referred to as
contaminants of concern) than species that would allow the geochemnical environment to
be adequately characterized. In our opinion, it is equally important to measure and define
the geochemnical environment in the vadose zone sediment-pore water system as it is to
measure total concentrations of selected regulated chemicals and radionuclides.
Knowledge of the geochemnical environment present in the subsurface, (obtained from
direct measurement of the major chemical species in the pore water or calculating the
pore water composition and pH from water extracts of sediment samples as well as
determining some of the properties of the sediments (including calcium carbonate
content, moisture content, particle size, bulk sediment and clay size fraction mineralogy,
cation exchange capacity, and hydrous ferric oxide content) allows geochemists to
understand the major processes that control sediment-pore water interactions. The major
soil chemical constituent's interactions with pore water, in general, dominate and control
the interactions of the trace quantities of contaminants present in contaminated systems.
If one only measures the total concentrations of contaminants, it is difficult to evaluate
their fate over future times.

The characterization paradigm that gives equal emphasis to measuring the concentrations
of major constituents in the water and solid phases, as well as determining the same for
the regulated contaminant species, has been recently used at two boreholes in the PUREX
crib region, C55 15 and C530 1. The former is inside the foot print of the 21 6-A-2 Crib
and the latter is 2.5 m outside the southwest corner of the 216-A-4 Crib. In this more
detailed sediment characterization scheme, grab samples and some intact cores were
collected about every 2 to 5 feet depth and, after performing some fundamental
characterization on all samples, a much smaller subset that covers the entire vertical
extent of the borehole (ground surface to water table) were characterized further to gain
some preliminary understanding on key contaminant and key geochemnical properties and
their vertical distributions. Additional samples at depths where the key contaminants
were observed or where large gradients in geochemnical properties (e.g., ion exchange
fronts between native pore water and waste solutions when evident) were then
characterized until the entire vertical distribution of key contaminants and the zones
where key geochemnical parameters were evolving/changing were delineated. This
characterization scheme is iterative and somewhat unique for each borehole as opposed to
being locked in based on a priori assumptions, historical information about the site, and
expert opinion.

One of the key parameters to measure on vadose zone sediments is gravimetric moisture
content. Figure 6 shows the moisture content profiles for C5515 and C5301. We have
found from numerous vadose zone characterization studies that elevated moisture
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contents correlated strongly with the presence of fine-grained sediments and that thin
fine-grained lens can act as horizontal spreading planes. As can be seen in Figure 6,
there are two depths at which there are significantly elevated moisture zones. The
shallow elevated moisture zone in C5515 (in the 216-A-2 Crib foot print) occurs at --70 ft
bgs and is no thicker than 6 ft. The zone of elevated moisture is perhaps thinner that 6 ft;
however, this single data point was not confirmed via neutron moisture logging of the
borehole and we do not have more sample coverage in this region to provide
confirmation via laboratory analysis. At C5301, which was emplaced right outside the
southwest corner of the 216-A-4 Crib, a thin (<2 ft thick) zone of elevated moisture was
found at 51 ft bgs. Both zones contained about -13 to 16 wt% water, and both could be
acting as horizontal spreading planes. A much thicker zone (20 to 22 ft) of elevated
moisture is found in both boreholes between the depths of --280 to 305 ft bgs. This
deeper moist zone correlates exactly with a very fine-grained sand to silt interval and is
located approximately 15 ft above the current water table. It is most likely an efficient
perching horizon or horizontal spreading plane for fluids that were disposed to the cribs.
As will be discussed below, this deep and relatively thick zone of fine-grained sediment
contains elevated concentrations of several mobile contaminants at this time.

One key question that comes to mind is whether the contaminants in this elevated
moisture zone beginning at -280 to 282 ft bgs represent residual material left behind
when the regional high water table subsided after active disposal of millions of liters of
liquid wastes to the cribs. The coverage of old wells from which one can get historical
water level data in the vicinity of the PUREX A cribs and in general south of the PUREX
fuel reprocessing building is quite sparse. Only two wells, 299-E 17-1 (somewhat south
and significantly west) and 299-E25-36 (somewhat north and significantly east) [see
Figures 1 and 7 for location of wells and A cribs], had water table elevation data that has
been collected for many years. The well hydrographs (water table elevation vs. time) and
gross beta concentrations in the groundwater vs. time are shown in Figures 8 and 9. The
water table elevations in these two wells were not available until the mid 1 960s for 299-
E17-1 and mid-1988 for 299-E25-36. Because the most active time of liquid disposal to
the A crib area was the mid 1 950s to mid 1 960s, it is possible that the highest
(shallowest) water table was not captured. However, the two plots show that the water
table in the past from the mid 1960s to the present has dropped only about 10.7 ft (3.25
mn) since the highs observed in the late 1980s. Unless there was a large mound formed
below the A cribs in the mid 1 950s to mid 1 960s that raised the water table another -20 ft
from the high water table in --198 8 measured in these two wells, the fine-grained strata at
--280 ft bgs in the two new boreholes is too shallow to have ever been within the water
table. Thus, a more plausible explanation for the contamination found in this fine-
grained strata is vertical descent through the vadose zone below the A cribs and
horizontal spreading within the strata.
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Figure 8. Water Table Elevation and Gross Beta Concentrations in Monitoring Well
299-E17-1 versus Time. Note that relatively high gross beta was observed in 1957 with a
decreasing trend. No measurements of gross beta were made between 1960 and 1971.
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Figures 10 through 17 are plots of constituents of interest as a function of depth from
sediment samples in borehole C55 15, which was drilled within the foot print of 216-A-2
Crib. In Figure 10, the pH of the sediment:water extracts shows slightly elevated values
(8.5 to 8.7) between 24 and 31 ft bgs, but no deeper pH values exceed pH = 8. It would
appear that the waste stream disposed into 21 6-A-2 Crib was not acidic and the poor
cation-anion balance is not caused by the waste being acidic. The dilution corrected
electrical conductivity of the sediment water extracts can be used to estimate pore water
salinity. The sediments between 24 and 31 ft bgs exhibit slightly elevated electrical
conductivity, suggesting some slightly soluble waste might have precipitated in the
shallow vadose zone sediments right below the crib bottom. The slightly elevated pore
water electrical conductivities deep in the profile near the silty strata at -282 ft bgs and
the shallower zone between 50 and 80 ft bgs is caused by slightly elevated nitrate, sulfate,
calcium, and sodium that could be from waste liquids or natural variations in the
sediments. The electrical conductivity values below 6 mS/cm are within the range of
many uncontaminated Hanford Site vadose zone sediments. Figure 11 shows the water
extractable calcium and sodium contents of the vadose zone sediments below the 216-A-
2 Crib foot print. Shallow in the profile it is obvious that sodium from the waste has
displaced native calcium (and magnesium) from the sediment cation exchange sites such
that divalent cations are low and sodium is high. The zone where the sodium has
displaced the native calcium in similar to the zone with elevated pH, suggesting that the
waste was in fact neutralized with sodium hydroxide. In the thick fine-grained zone from
-282 to 300 ft bgs, both calcium and sodium are elevated because the fine-grained
sediments have a significantly higher cation exchange capacity than the sand-dominated
sediments found shallower. The water-extractable mobile anion nitrate's distribution in
the vadose zone sediments is shown in Figure 1 2, and the somewhat mobile anion
sulfate's distribution is shown in Figure 13. Figure 12 shows the PNNL data as well as
data from sediment water extracts performed by analytical labs under Fluor Hanford
contract. There is elevated nitrate only in the fine-grained strata from -280 to 300 ft bgs,
suggesting that the leading edge of the waste plume entered this silt zone and some or all
of the nitrate has been retained. For unsaturated flow conditions, when a fine-grained
strata overlies a coarser-grained strata, the coarse-grained strata can act as a capillary
break that does not transmit fluids until the fine-grained zone's water content increases
close to saturation levels. The contact between the overlying gravelly sand sequence and
the top of the fine-grained strata (which is -20 feet thick) is undoubtedly acting as a
horizontal spreading plane for fluids disposed to the 216-A-2 Crib. Also shown in the
figure is a yellow triangle showing that the groundwater below the crib has slightly
elevated nitrate -70 mg/L. Thus, the groundwater under the 216-A-2 Crib is currently
contaminated with nitrate by a factor of 1.6 times (above) the drinking water standard. It
is not clear if the elevated nitrate concentrations in the silt zone - 15 ft above the water
table is supplying the local groundwater with nitrate. The source of the nitrate in the
groundwater could also be from several upgradient sources where other inactive disposal
facilities are found.

Figure 13 shows the water-extractable sulfate distribution in the vadose zone sediments
under the 216-A-2 Crib. The highest sulfate concentrations are found between 80 and
150 ft bgs perhaps from sulfate in disposed liquid waste being slightly retarded compared

48



to nitrate in its percolation from the crib. The smaller elevated sulfate concentration in
the fine-grained sediment strata between 280 and 300 ft bgs may be either natural or a
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Figure 10. Sediment:water Extract pH and Dilution-Corrected (Pore Water) Electrical
Conductivity for Vadose Zone Sediments Inside 216-A-2 Crib
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slight indication of wastes from the A cribs that has reached this horizontal spreading
layer. The groundwater sulfate concentration in C55 15 is 73.2 mg/L, which is within the
normal range of uncontaminated groundwaters at the Hanford site.

Figure 14 shows the distribution of Cs- 13 7 measured directly in the sediments from
borehole C5515, which was emplaced within the foot print of 216-A-2 Crib. Cs-137 was
found essentially from the bottom of the crib down just a few tens of feet. Below 48 ft
bgs none of the analytical labs found Cs- 13 7 present above 10 pCi/g compared to a value
near 10,000 pCi/g at 3 0 ft bgs.

Figure 15 shows the distribution of Sr-90 in the sediments from borehole C5515
measured on strong hot acid extracts. Similar to Cs-137, the Sr-90 is retained in the
sediments at the bottom of the crib and sediments a few tens of feet deeper into the
vadose zone. Figure 16 shows the distribution of acid-extractable U in the sediments
from borehole C55 15. In a similar fashion to the Cs-137 and Sr-90, uranium is strongly
bound to the sediments at the bottom of the crib and the sediments a few tens of feet
deeper contain only minor concentrations of uranium.

In contrast, the mobile contaminant tritium, see Figure 17, is found mainly in the fine-
grained sediments between 280 and 300 ft bgs. It is not clear whether the tritium
travelled vertically down through the predominately sandy sediments below the foot print
of the 216-A-2 Crib, or whether the tritium migrated horizontally on top of the silty unit,
(slowly migrating vertically into the fine grained unit) from upgradient of the crib. The
groundwater below the 216-A-2 crib currently contains 600,000 pCi/L tritium. The
PNINL gross beta measurement on water extracts of the deep sediments have similar
values as the tritium measurements performed by the other Fluor contract analytical labs,
suggesting that tritium dominates the beta emitters in sediments deeper than about 20 feet
below the crib bottom.

As mentioned earlier, 21 6-A-2 was the only crib in this study that received organic
solvents [NPH] and tri-butyl phosphate. Their total inventories were NPH (63,920 kg)
and TBP (149,200 kg) as shown in Table 1. Interestingly, about a dozen sediment
samples from the entire profile of borehole C5515 were analyzed for tri-butyl phosphate
and total petroleum hydrocarbons. If one assumes that the latter analysis would capture
normnal paraffin hydrocarbons, then none of the measured samples contained measureable
TBP or hydrocarbons. It is known from other characterization work that TBP can be
degraded all the way to inorganic phosphate with time. Eleven sediment samples
covering the depth range 28 to 50 ft bgs had water-extractable phosphate present at
concentrations ranging from 313 mg/kg in the shallowest sample to 6 mg/kg in the
deepest sample. For all sediments analyzed below 50 feet bgs the water extractable
phosphate was below the detection limit, which varied from -2 to 6 mg/kg dependent on
sediment water content. The water extractable phosphate concentration averaged about
50 mg/kg throughout the depth range 30 to 40 ft bgs. The SIM, Rev. 1 estimate for
inorganic phosphate disposed to 216-A-2 was 0 kg. Thus the observed phosphate in the
relatively shallow depths is likely an indication of degraded tri-butyl phosphate. Either
normal paraffin hydrocarbons are not measured in the total petroleum hydrocarbon
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analysis procedure or they are either quickly degraded to species that are not readily
quantified by GC-MS or they migrated and dispersed quickly after disposal. The latter
fate is not as likely.

Figures 18 through 24 are plots of constituents of interest as a function of depth from
sediment samples in well 299-E24-23 (C530 1), which was emplaced 2.5 m outside the
south-west corner of the 216-A-4 Crib. The data for well 299-E24-23 (C5301) generated
by both the WSCF laboratory and PNNL are plotted when available. When applicable,
each plot contains data generated for the C4560 borehole that was drilled within the 216-
A-4 Crib foot print and analyzed by WSCF and its subcontractor analytical laboratories.
With the exception of sediment pH results shown in Figure 18, the C53Oldata generated
by WSCF correlate well with the data generated by PNNL (see Figures 20, 21, 22 and
24).
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Figure 18 shows the water extract pH for sediments from both borehole C4560 (emplaced
within the 216-A-4 crib foot print) and well 299-E24-23 (C5301) (emplaced 2.5 m
outside the southwest corner of the crib). It is obvious from the figure for C5301
sediments that the two analytical labs are using different water extract procedures and
perhaps methods to measure pH. Regardless, the fact that shallow sediments from inside
the crib show pH values ranging from 9.2 to 9.5 indicates that the wastes disposed were
slightly caustic and have interacted with the sediments right below the crib bottom. The
zone of caustic attack is rather limited, compared to regions below leaking single-shell
tanks, which was more than likely caused by the dilute nature of the wastes disposed to
the PUREX A cribs. Many metal-like contaminants exhibit pH-dependent solubility and
adsorption properties. In most cases, the metal-like contaminants (Cs- 137, Sr-90, U,
actinides, and RCRA metals) bind more strongly to sediments when the pH conditions
are slightly caustic.

Figure 19 shows that the sodium in the 21 6-A-4 waste has displaced the native calcium
(and magnesium; not plotted) from the sediment exchange sites down to a depth of about
40 ft bgs, a distance slightly greater than at the 21 6-A-2 Crib. This artifact was more
than likely caused by the higher volume of wastes disposed in the 216-A-4 Crib ('-6
million liters vs. 0.23 million liters at the 21 6-A-2 Crib). As found in borehole C55 15(
A-2 Crib), the water-extractable sodium and calcium in the fine-grained sediments from
'--280 to 300 ft bgs are higher than in the shallower sands. This is caused by the higher
cation-exchange capacity of the silts. The distribution of water-extractable cations in the
silt is similar to natural conditions wherein the calcium is significantly larger than the
sodium. Thus, the impacts of the sodium-dominated liquid waste are found only a few
tens of feet below and horizontally outside the 216-A-4 Crib foot print.

Figure 20 shows the water-extractable nitrate concentration in sediments from both the
crib foot print (C4560) and just outside the foot print (C530 1). Despite the fact that the
wastes disposed in the 21 6-A-4 Crib contained almost 100,000 kg of nitrate, there is only
about 15 mg/kg nitrate in the shallow sediments in the crib foot print. This is likely an
indication that nitrate remained soluble and migrated deeper into the vadose zone.
Slightly higher water-extractable nitrate was found in sediments outside the crib foot
print in the zone 90 to 1 10 ft bgs, and then elevated values start at about 200 ft bgs,
reaching peak values > 200 mg/kg in the fine-grained silt zone. As found below the foot
print of the 21 6-A-2 Crib, there is residual nitrate in the fine-grained silt. It can not be
stated whether this residual nitrate is from the liquid waste disposal from the two
immediate cribs or whether the nitrate is a remnant of the regional horizontal spreading of
liquid wastes along the top of the silt strata (that subsequently saturated the silt strata)
from the entire PUREX A crib waste site region. The 21 6-A-2 and 21 6-A-4 Cribs
received thousands to almost a hundred thousand kg nitrate, respectively. However, there
is little difference in the concentrations of nitrate in the silt zone below the two cribs and
further, the groundwater samples obtained from the two new boreholes were also similar:
69.5 and 62.9 mg/L at C5515 and C5301, respectively. Thus, we do not see any
significant differences despite the mass of nitrate disposed to the two cribs differing by
almost a factor of 50.
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Figure 21 shows the distribution of Cs-137 in sediments within and proximate to the 216-
A-4 Crib foot print. The Cs- 13 7 concentration within the crib foot print shows a very
thin, very high concentration right near the facility bottom. Relatively low Cs-137
concentrations were found just outside (2.5 m to the southwest) the crib foot print (in
borehole C53 01 sediments) at comparable depths, and no detectable Cs- 13 7 was found
below 50 ftbgs. As expected Cs-137 is strongly bound to the sediments and should
decay in place before it can migrate down to the water table.

Figure 22 shows the distribution of uranium inside the foot print and just outside the
216-A4 Crib. The distribution of uranium within the crib foot print is similar to Cs-137,
in that high concentrations were found right below the crib bottom and much lower
concentrations were found at comparable depths right outside the crib foot print. There is
slightly more uranium migration into the sediments below the crib bottom and one
slightly elevated acid-extractable value at 50 ft bgs in the borehole C5301. This slightly
more "diffuse" distribution in both the vertical and horizontal direction for uranium when
compared to Cs-137 is expected based on sorption tendencies. However, the uranium in
these two A cribs is still readily sequestered to the sediments close to the facility. There
is no indication of mobile uranium in the silt zone below either crib. However, the
groundwater sample obtained from borehole C5301 did contain 79.5 Pg/L dissolved U
whereas the groundwater below C5515 contained only 1 lI g/L dissolved U.
Interestingly, the uranium disposed to the 216-A-4 Crib (see Table 2) was 5390 kg and
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that disposed to the 216-A-2 Crib was only 228 kg. Thus, if there was some uranium
moving through the vadose zone to the groundwater, one might expect some contribution
from the 216-A-4 Crib compared to the 216-A-2 Crib as the two groundwater samples
show.

Figure 23 shows the distribution of gross beta (PNNL) and tritium (WSCF) in sediments
from borehole C5301, emplaced right outside the foot print of the 216-A-4 Crib. We are
fairly confident that the PNNL gross beta measurement is responding almost entirely to
tritium, such that the two data sets can be merged to reflect the tritium distribution. The
data suggest that there is tritium in the vadose zone sediments from about 120 ft bgs
down to the water table, with a significant amount of tritium found in the deep fine-
grained silt strata. The values of tritium residing in the silt strata at both boreholes below
the 216-A-2 and 216-A-4 Cribs were similar [800 to 1120 pCi/g with one value at 2850
pCi/g below 216-A-2], despite the fact that the 216-A-4 Crib received much more tritium
inventory because much more liquid was disposed to the 21 6-A-4 Crib than the 21 6-A-2
Crib. Further, the concentration of tritium in the waste streams disposed to the 216-A-2
and 216-A-4 Cribs also varied by more than 3 orders of magnitude (see Tables 1 and 2).
Given the fact that tritium is considered to be non-reactive with Hanford sediments, any
residual tritium in pore water should reflect the original concentration in disposed liquids
as opposed to reflecting total inventories released. Thus, one might expect there to be
more difference in the observed tritium concentrations in the vadose zone sediments
below these two cribs. Other possibilities, include deep mixing of the tritium waste
liquids from the A-2 and A-4 Cribs, rendering them indistinguishable from each other, or
perhaps the residual tritium in the silt strata today is not related to the disposals from the
21 6-A-2 and 21 6-A-4 Cribs, but is more indicative of some other source that migrating
beneath the area on this somewhat continuous horizontal spreading plane.

The tritium concentrations per gram of dry sediment can be converted to pore water
concentrations in units of pCi/L by multiplying by the the reciprocal of the average
gravimnetric moisture content {as a fraction} of the sediments in the fine-grain silt zone.
The average moisture content of this stratum is 21% wt so the dilution factor is 4.76;
finally to convert to tritium per liter multiply by 1000. This conversion leads to the
tritium in the vadose fine-grained sediments equating to -4 to 5 x 10+6 pCi/L. The
tritium concentrations in the two groundwater samples collected from the two new
boreholes are also similar, with C5515 (below the 216-A-2 Crib) having 6.0 x 105 pCi/L
and C5301 (near the 216-A-4 Crib) having 4.2 x 105 pCi/L. These groundwater
concentrations are about a factor of ten lower than the calculated vadose zone pore water
concentrations. It is quite common to find estimated deep vadose zone pore water
concentrations to exceed actual groundwater concentrations by a factor of ten or more.
The tritium results for the vadose zone sediments in comparison with the underlying
groundwater do not readily differentiate between a conceptual model where each
localized vadose zone region is supplying the groundwater below. However, the large
differences in estimated tritium concentrations disposed to 21 6-A-2 and 21 6-A-4 suggest
a regional plume or a total commingling of the two adjacent cribs vadose zone plumes as
opposed to separate localized inputs from the vadose zone right above the water table.
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Figure 24 shows the acid-extractable chromium in sediments from within the 21 6-A-4
Crib foot print (C4560) and right outside the foot print (C5301). Within the crib foot
print, directly beneath the crib bottom, there is no indication of significantly elevated
concentrations of chromium; based on the low inventory (see Table 2) of chromium
disposed to the 216-A-4 Crib, this is not surprising. The distribution of acid-extractable
chromium values over the entire C5301 profile falls within the range of background
Hanford sediments. The more elevated chromium values in the fine-grained silt strata are
consistent with the fact that fine-grained sediments generally contain higher
concentrations of trace metals. The water extraction of sediments throughout the C5301
profile shows no detectable chromium concentrations, suggesting no "contaminant"
chromium is present. We do not believe that this observed elevated acid-extractable
chromium data in the deep fine-grained strata is indicative of any chromium
contamination having reached this depth.

One obvious conclusion can be drawn from a quick glance at all of the plots of vadose
zone sediment constituent distributions; it would be very difficult if not impossible to
generate a constituent profile based on the sparse data set generated using the samples
analyzed solely by WSCF. The WSCF data set does not contain enough samples to
adequately capture the peak water-extractable nitrate or gross beta/tritium in the C5301
(or C55 15) borehole samples. It is also clear that there are elevated concentrations of
some mobile contaminants in the fine-grained sediments between '-280 and 300 ft bgs.
Although we can not rule out very localized mounding during the period of active
disposal to the 21 6-A-4 Crib having saturated this strata, the sparse regional water level
data available suggest that this strata might never have been saturated. The strata, which
still need to be mapped to determine the lateral extent, would then represent a somewhat
continuous perching horizon or horizontal spreading zone in which waste liquids would
spread across the region from the various local disposals to the cribs. At some places,
either there was localized mounding such that the silt layer became saturated and thus
transmitted waste fluids down to the water table or at some locations this '-20 ft silt layer
does not exist and waste fluids did percolate to the water table. The regional- and local-
scale water table elevation with time is not available and not readily developed because
of inadequate well coverage, especially in the early time period (1 95 Os-mid 1 960s) when
the PUREX A cribs were most active.

The degree to which lateral spreading of mobile contaminants occurred below the 2 16-A-
2 and 21 6-A-4 Cribs is still not well understood; however, it does appear that the 2-ft
thick fine-grained layer of sediment centered at approximately 51 ft bgs in borehole
C5301 did not prohibit the vertical migration of mobile contaminants in the vadose zone,
but the thicker --20 ft silt strata between 280 and 300 ft bgs likely did force much of the
fluids disposed to the cribs to spread horizontally.
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8.0 Comparison of Current Vadose Zone Constituent Concentrations as a
Function of Depth and Lateral Spread with Historical Groundwater Observations

The time period of active disposal to the PUREX A cribs, especially the three for which
recent boreholes have been emplaced (216-A-2, 216-A-4, and 216-A-21), was about five
decades ago. Additionally, the volume of liquid disposed to the 216-A-4 and 216-A-21
Cribs exceeded the volume of vadose zone sediment directly below the facility foot prints
by considerable margins. As a result of these activities, waste fluids discharged to the
216-A-4 and 216-A-21 Cribs might have reached the groundwater a long time ago and
mobile constituents could have migrated and dispersed down gradient within the aquifer
essentially leaving little current traces. Therefore, we reviewed historical groundwater
data in the region south of the PUREX building to determine the feasibility of this
scenario. The HEIS database was queried to find groundwater data for all the
wells/boreholes shown in Figures 1 and 7. We requested data from the time period 1945
to 1995. The data retrieved showed information for 27 wells, but only four wells located
just south of the PUREX building along an east west transect have data for the period
prior to 1965, the latest date that liquids were disposed to any of the three cribs of interest
[216-A-2, 216-A-4, and 216-A-21]. The four wells are 299-E17-2, 299-E24-1, 299-E24-
2, and 299-E25-3. We originally assumed that the regional groundwater flow direction
just south of the PUREX building has not changed from the general west to east flow
direction since before the Hanford Site was built so the wells shown in Table 14 were
expected to intercept a local plume from the PUREX A cribs region. However, a recent
groundwater data package that focused on tank farms, Horton (2007), concluded that the
groundwater flow direction below the A-AX Tank Farm Waste Management Area
(WMA), about 600 m to the north of the PUREX A cribs area of interest, could not be
determined before 1990 because of a lack of adequate well coverage. Since 1992, flow
direction below the A-AX WMA is towards the south to southeast [see Figure 3. 10 in
Horton (2007)]. This differs from our assumption that the regional groundwater flow at
the PUREX A cribs is from west to east. It would be useful to have groundwater experts
revisit the data that we present below (and other historical groundwater data that we
amassed but did not place in Table 14) to assess whether it is possible to determine what
direction groundwater flowed below the PUREX A cribs during the period of active
liquid waste disposal and whether there have been flow direction changes between the
mid 1950s and present.

It has also been brought to our attention [personal communication D. G. Horton (Fluor
Hanford Company in April 2008] that the HEIS database is not very complete and that
historical groundwater monitoring data exist in old Hanford General Electric (HW-xxxx)
reports that would improve our understanding of groundwater flow and contamination
below the PUREX A cribs site over the time period of the 1950s to the mid 1990s when
most information started to be documented in a readily retrievable format within the
HEIS database. Table 14 shows a listing of wells close to an east-west transect through
the 216-A-2/216-A-4 Cribs area. More data was retrieved for wells labeled E17-xx that
are even farther to the south. These data should also be reviewed critically should it be
shown that the groundwater flow direction south of the PUREX building was in fact to
the south or southeast. The 299-El17 series of wells are to southwest of the three cribs of
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interest (see Figure 7). There are very few wells to the south east of the three cribs of
interest, so capturing the time progression of localized and even regional contaminant
plumes south and east of the PUREX A cribs over the time period of interest will be
challenging if not impossible.

At present, based on Table 14 results, we can only make some general comments on what
mobile waste constituents were present in the groundwater over specific time periods.
We tabulated the data in Table 14 under the assumption that groundwater was flowing
from west to east, so that wells to the west are shown first and subsequent wells are
located sequentially farther to the east. A few succinct observations are that the
groundwater below the PUREX A cribs site has been "regionally" contaminated by
several constituents since at least the 1958 [we found no data that pre-dates 1958 but
most contaminant trends show high concentrations were present in 1958 that generally
trended lower with time] through at least the mid 1990Os. The fact that we cut off our data
query in 1995 makes it possible that the plumes still exist; in fact the groundwater
samples taken from the two new boreholes do show residual contamination today.
Tritium, nitrate, Ru- 106, Co-60, and gross beta (most likely dominated by Ru- 106) were
the "most elevated in concentration" contaminants. In smaller more localized regions at
low but measurable amounts, Tc-99 and 1- 129 were reported in some groundwater wells
during this 30 to 40 year time period. In fact, 1-129 was found at concentrations between
5 and 6 pCi/L in the two new wells associated with boreholes C5515 and C5301 in 2007.
Tc-99 at 290 pCi/L (below the drinking water standard of 900 pCi/L) was also found in
the groundwater from C5301. Groundwater from both boreholes also contain tritium in
the mid 10+5 pCi/L range and nitrate at 65 to 70 mg/L, both slightly above drinking water
standards. The regional tritium and nitrate groundwater plumes reached concentrations
as high as 10+8 pCi/L and 900 mg/L, respectively, during and shortly after the period of
active waste disposal to the PUREX A cribs. Thus, liquid disposal to the PUREX A cribs
undoubtedly impacted groundwater over a large region and concentrations of a few
mobile contaminants still slightly exceed the drinking water standards today.

The data in Table 14 show increases in tritium, gross beta, and nitrate at particular time
periods, such as 1963 and 1985 in wells 299-E24-2 and E24-1, both of which are located
to the west of the 216-A-21 Crib. It is likely that a detailed analysis of disposal histories
at other PUREX facilities located closer to these wells might yield the source disposal
unit. It is also evident that a large region of groundwater south and west of the three cribs
studied herein was, and still is, contaminated with mobile contaminants. Further, the
vadose zone silt strata below the 216-A-2 and 216-A-4 Cribs contains some additional
tritium and nitrate that might slowly percolate to the groundwater in the future.

Some bounding calculations for the mass of tritium and nitrate remaining in the deep
vadose zone below the 21 6-A-2 and 21 6-A-4 Cribs could be made using their known
concentrations and an assumed range of lateral extent if the areal extent of the deep
vadose zone silt strata could be delineated. This could then be compared with the current
regional groundwater plume mass to see if the residual mass in the vadose zone would
significantly increase the mass currently in the groundwater. At first glance, unless there
is a large area of the silt strata containing the residual tritium and nitrate, the existing
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groundwater plume has a larger mass. Also, no data are available to assess whether there
is a significant variation in the concentration of contaminants in the groundwater as a
function of depth. To our knowledge, none of the monitoring wells in the vicinity of the
PUREX A cribs are sampled for depth-discrete analysis. Therefore, the volume of
contaminated groundwater that exists today below the PUREX A crib sites is not
available. This makes it difficult to predict the total mass of contaminants in the
groundwater plume. However, assuming that the groundwater samples taken are well
mixed over the entire length of the screened interval, which is commonly 15 to 30 ft, the
area of the groundwater plume is much larger than the area of the silt zone in the vadose
zone below the three cribs studied in this letter report. Thus, the existing groundwater
plume below the PUREX A crib site undoubtedly contains more mass of tritium and
nitrate than the mass still residing in the vadose zone.

9.0 Summary and Conclusions

Although all three disposal cribs were active over the same general time period (21 6-A-2:
1956-1960; 216-A-4: 1955-1958; and 216-A-21: 1957-1965), they received substantially
different waste streams. The 21 6-A-2 Crib received waste characterized as PUREX P 1
organic waste; of the three disposal cribs, it was the only one to receive a significant
amount of organic waste (149,000 kg of TBP and 64,000 kg of NPH). Conversely, the
216-A-4 Crib received PUREX UJNH waste, while the 216-A-21 Crib received PASF
(P2) waste.

In addition to different waste streams, the three disposal cribs received significantly
different volumes of waste. The 21 6-A-2 Crib received the lowest volume of waste, at
0.23 0 mega liters.. The 21 6-A-4 Crib received approximately 27 times more waste, at
6.21 mega liters. However, the discharges to both of these cribs were dwarfed by the
volume of waste sent to the 216-A-21 Crib, which received more than 77 mega liters
total. These statistics are particularly important to highlight since all three cribs were
meant to be operated as specific retention cribs. The fundamental. idea behind specific
retention disposal facilities is that waste will be added at low enough volumes such that it
does not promote the vertical migration of contaminants (i.e., capillary pressure would
facilitate the retention of the pore fluids in the vadose zone). This was supposed to be
controlled by ensuring that the volume of waste disposed was kept at no greater than 10%
of the volume of the facility's cross section multiplied by the depth to the water table.
Surprisingly, the only crib that seemed to follow this practice (disposed low volumes of
waste that would not overcome the capillary pressure in the vadose zone sediment) was
the 216-A-2 Crib. For the other two cribs, the volume of waste disposed exceeded the
retention capacity of the facility by 19 times (21 6-A-4 Crib) and 93 times (21 6-A-2 1
Crib). In essence, disposal of liquid effluents to the 216-A-4 and 216-A-21 Cribs likely
caused rapid migration of mobile contaminants (such as tritium and nitrate) deep into the
vadose zone and subsequently, into the aquifer.

Attempting to use the "continuous" distribution of Cs- 13 7 obtained from spectral gamma
logging information tempered with the direct measurement of Cs- 13 7 in a handful of
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depth-discrete samples led to large over-estimations of sorbed Cs- 13 7 inventories for
216-A-2 and 216-A-4 but proved a very good comparison for 216-A-21 when only data
for the facility foot prints were considered. When the apparent contribution from
sediments outside the 216-A-2 crib (which showed more lateral spreading than 216-A-4
crib) was included the estimated inventory was even more unrealistic. We conclude that
Cs- 13 7, because of its high sorptive tendencies is very difficult to accurately measure the
highly irregular distribution within the cribs' foot print. Dependent on the nature of the
sediments (and any fine-grained sludge/precipitates physically filtered out) and the
juxtaposition of the boreholes to the disposal pipes, highly irregular concentration
profiles of Cs-137 are formed. If the boreholes/probe holes placed through the crib foot
prints at 21 6-A-2 and 21 6-A-4 happened to capture uniquely high concentration zones,
our using this biased data to average throughout the foot print cross section at the given
depth intervals could explain the gross over-estimation of disposed Cs-137 inventory.
For 21 6-A-2, lateral spreading of Cs- 13 7 was observed in sediments collected from well
299-E24-53. The spectral gamma log for this well shows Cs-137 a -10 ft thick zone of
Cs-137 with concentrations peaking at 4500 pCi/g. Given the short distance from the
crib foot print, this plume seems reasonable. At 21 6-A-4 there are spectral gamma logs
available right outside the crib foot print at two locations on opposite sides of the crib that
show maximum concentrations of only 15 to 55 pCi/g and the distances from the crib
foot print is only 0.5 and 2.5 m. The main take home message out of these "box model"
calculations of Cs-137 inventory in the shallow vadose zone based on the observed
spectral gamma logs and discrete sediment measurements of Cs- 13 7 is that this immobile
contaminant binds to sediments within a few tens of feet to maybe 50 ft below and only a
few to ten ft laterally from the facility foot prints. Cs- 13 7 will not migrate any significant
distance if the driving force is natural recharge or potable water for pipe-line leaks near
the inactive facilities should such active pipe-lines exist today.

This analysis does corroborate the fact that observed Cs- 13 7 activities near the 21 6-A-4
Crib bottom are surprisingly higher than expected based on historical records of the types
of waste disposed. Further, the SIM, Rev. 1 predicted waste composition of the
concentrated miscellaneous IJNH (P1) waste stream is dominated by potassium at -0.35
M. If this was the case, the Cs-137 Kd for sediments in the 216-A-4 crib foot print would
be relatively low [<10 mL/g] and the distribution of sorbed Cs-137 should be rather
diffuse [a thick zone] compared to the sharp, thin, intensely concentrated plume observed
in the push holes placed into 216-A-4 Crib. The borehole geophysical spectral gamma
log for borehole C467 1 within the foot print of the 21 6-A-4 Crib shows a distinctly sharp
vertical distribution, and the two boreholes outside the crib foot print [C53 01 and A591 1
(299-E24-54)] show little evidence of lateral spreading of Cs- 13 7, despite the disposal of
6.21 million liters of waste. The water and acid extracts of the sediments throughout the
vertical extent of well 299-E24-23 (C5301) also do not show any elevated potassium
concentrations above natural background amounts. The total estimated inventory of
potassium disposed to the 21 6-A-4 Crib was -76,000 kg, yet no anomalously high
potassium concentrations were found outside the crib foot print. No potassium data was
collected on sediments within the crib foot print. We thus question whether the correct
waste stream composition was assigned to the 216-A-4 Crib by the SIM, Rev. 1 staff or
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alternately, the chemical algorithm used to assign chemical compositions might be
erroneous.

Regarding the use of boreholes to characterize contaminated sediments within and around
inactive CERCLA facilities, in our opinion, it is equally important to measure and define
the geochemical environment in the vadose zone sediment-pore water system as it is to
measure total concentrations of selected regulated chemicals and radionuclides (i.e.,
contaminants of concern). Knowledge of the geochemical environment present in the
subsurface, (obtained from direct measurement of the major chemical species in the pore
water or calculating the pore water composition and pH from water extracts of sediment
samples as well as determining some of the properties of the sediments (including
calcium carbonate content, moisture content, particle size, bulk sediment and clay size
fraction mineralogy, cation exchange capacity, and hydrous ferric oxide content) allows
geochemists to understand the major processes that control sediment-pore water
interactions. The major soil chemical constituent's interactions with pore water in
general dominate and control the interactions of the trace quantities of contaminants
present in contaminated systems. If one only measures the total concentrations of
contaminants, it is difficult to predict their fate over future times. Further, the
recommended characterization scheme is iterative and somewhat unique for each
borehole as opposed to being locked in based on a priori assumptions, historical
information about the site, and generic Hanford expert opinion.

One of the key parameters to measure on vadose zone sediments is moisture content. A
combination of field neutron moisture logging and discrete sediment sample (properly
kept moisture proof in transit from the field) measurement of gravimietric moisture
content is needed. We have found from numerous vadose zone characterization studies
that elevated moisture contents correlate strongly with the presence of fine-grained
sediments and that thin fine-grained lens can act as horizontal perching and spreading
planes. As can be seen in Figure 6, there are two depths in the boreholes, which were
recently completed using our recommended characterization strategy, where there are
significantly elevated moisture zones. The shallow elevated moisture zone in C55 15 (in
the 216-A-2 Crib foot print) occurs at -70 ft bgs and is no thicker than 6 ft; however, this
single data point was not confirmed via neutron moisture logging of the borehole and we
do not have more sample coverage in this region to provide confirmation via laboratory
analysis. At C5301, which was emplaced right outside the southwest corner of the 216-
A-4 Crib, a thin (<2 ft thick) zone of elevated moisture was found at 51 ft bgs and is
composed of 25% very fine sand with 75% fine to medium sand. This shallow zone
contains about --13 to 16 wt% water, and could be acting as a horizontal spreading plane.
A much thicker zone (20 to 22 ft thick) of elevated moisture (averaging -2 1 %wt) is
found in both boreholes between the depths of -280 to -305 ft bgs. This deeper zone,
which is located approximately 15 ft above the current water table, is most likely an
efficient perching and horizontal spreading plane for fluids that were disposed to the
cribs. This deep and relatively thick zone of fine-grained sediment contains elevated
concentrations of several mobile contaminants at this time.
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Using water extract measurements of the common cations sodium, calcium, magnesium
and potassium and pH, we can assess the interaction zone within the sediments caused by
the liquid waste disposal. At both boreholes with adequate characterization, it is obvious
that sodium from the waste has displaced native calcium (and magnesium) from the
sediment cation exchange sites such that divalent cations are low and sodium is high does
not penetrate more than tens of feet below the crib bottoms. Figure 19 shows that the
sodium in the 21 6-A-4 waste has displaced the native calcium (and magnesium; not
plotted) from the sediment exchange sites down to a depth of about 40 ft bgs, a distance
slightly greater than at the 216-A-2 Crib. This observation was more than likely caused
by the higher volume of wastes disposed in the 21 6-A-4 Crib (-6.2 million liters vs. 0.23
million liters at the 21 6-A-2 Crib). The zone where the sodium has displaced the native
calcium in similar to the zone with elevated pH in 21 6-A-4' s foot print, suggesting that
the more significant sediment-waste interactions occurred above 40 ft bgs, roughly within
20 feet of the crib bottom. The zone of caustic attack is rather limited, compared to
regions below leaking single-shell tanks, which was more than likely caused by the dilute
nature of the wastes disposed to the PUREX A cribs. Many metal-like contaminants
exhibit pH-dependent solubility and adsorption properties. In most cases, the metal-like
contaminants (Cs- 13 7, Sr-90, U, actinides, and RCRA metals) bind more strongly to
sediments when the pH conditions are slightly caustic.

Regarding mobile contaminants, elevated nitrate is found only in the fine-grained strata
from -280 to 300 ft bgs in both boreholes, suggesting that the leading edge of the waste
plume entered this silt zone and has been retained. The 21 6-A-2 and 21 6-A-4 Cribs
received thousands to almost a hundred thousand kg nitrate, respectively. However, there
is little difference in the concentrations of nitrate in the silt zone below the two cribs and
further, the groundwater samples obtained from the two new boreholes were also similar:
69.5 and 62.9 mg/L at C5515 and C5301, respectively. Thus, we do not see any
significant differences despite the mass of nitrate disposed to the two cribs differing by
almost a factor of 50.

The slightly more "diffuse" distribution in both the vertical and horizontal direction for
uranium [see Figures 16 and 22] when compared to Cs- 13 7 is expected based on sorption
tendencies. However, the uranium in these two A cribs is still readily sequestered to the
sediments close to the facilities' bottoms. There is no indication of mobile uranium in the
silt zone below either crib. However, the groundwater sample obtained from borehole
C5301 did contain 79.5 jig/L dissolved U whereas the groundwater below C5515
contained only 1 lI g/L dissolved U. Interestingly, the uranium disposed to the 216-A-4
Crib (see Table 2) was 5390 kg and the uranium disposed to the 216-A-2 Crib was only
228 kg. Thus, if there was some uranium moving through the vadose zone, at low
concentrations not readily discernable from the ubiquitous natural uranium background,
to the groundwater, one might expect more contribution from the 21 6-A-4 Crib compared
to the 216-A-2 Crib as evidenced in the two groundwater measurements.

The values of tritium residing in the deep silt strata at both boreholes below the 21 6-A-2
and 216-A-4 Cribs were similar [800 to 1120 pCilg of sediment with one value at 2850
pCi/g below 216-A-2], despite the fact that the 216-A-4 Crib received much more tritium
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inventory because much more liquid was disposed to the 21 6-A-4 Crib than the 21 6-A-2
Crib. Further, the concentration of tritium in the waste streams disposed to the 216-A-2
and 216-A-4 Cribs also varied by more than 3 orders of magnitude (see Tables 1 and 2).
Given the fact that tritium is considered to be non-reactive with Hanford sediments any
residual tritium in pore water should reflect the original concentration in disposed liquids
as opposed to reflecting total inventories released. Thus, one might expect there to be
more difference in the observed tritium concentrations in the vadose zone sediments
below these two cribs. The tritium results for the vadose zone sediments in comparison
with the underlying groundwater do not readily differentiate between a conceptual model
where each localized vadose zone region is supplying the groundwater below. However,
the large differences in estimated tritium concentrations disposed to 21 6-A-2 and 216-A-
4, which are not manifested in the data for the two boreholes, suggest that a much larger
region (horizontal spreading plane) of tritium may have been present in the vadose zone
mixing on top of the silt strata or that there has been a localized commingling of the two
adjacent crib's vadose tritium plumes as opposed to separate localized inputs from the
vadose zone right above the water table. Perhaps the residual tritium in the silt strata
today is not related to the disposals to the 216-A-2 and 216-A-4 Cribs, but is more
indicative of some other nearby source(s) that have moved laterally along the silt strata,
now residing at least beneath the A cribs.

Comparison of the data sets generated by the various analytical laboratories leads to two
general conclusions. First of all, there is relatively good agreement between the four
laboratories when similar extraction/analytical techniques are used to measure the
samples. The second conclusion is that it would be very difficult if not impossible to
generate a constituent profile based on the sparse data set that is typically generated
during characterization campaigns (i.e., those samples solely analyzed by WSCF or
Eberline). In all cases, the data sets generated by these two laboratories failed to capture
either the total vertical extent or peak concentration of the contaminants of concern such
as the peak water-extractable nitrate or gross beta/tritium in the C5301 (or C55 15)
borehole samples. It is also clear that there are elevated concentrations of some mobile
contaminants in the fine-grained sediments between -280 and 300 ft bgs. Clearly, a more
comprehensive and rigorous sediment sample collection and analysis protocol is
necessary if the ultimate goal is to understand the true nature and extent of contamination
at each waste site.

Finally, there is no substitute for site-specific data. The three cribs studied as part of this
campaign received different waste streams and significantly different waste volumes. In
several cases, the observed data did not correlate with historical disposal records.
Therefore, it would not be possible, or prudent, to attempt to use a borehole emplaced
through one waste site as a surrogate for another waste site.

The lateral spread of historically mobile contaminants, such as tritium and nitrate, at the
three cribs can not be quantitatively determined at this time. Relatively thin zones of
fine-grained material exist in the vadose zone directly below the 21 6-A-2 and 21 6-A-4
Cribs that could have served to promote both perching and lateral spreading of
contaminants. The shallower lens of finer-grained material could have promoted lateral
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migration of the more mobile contaminants as long as the thin lens did not become fully
water saturated during the active disposal episodes. More importantly, the deeper
approximately 20-foot thick silt lens occurred from approximately 280 to 300 ft bgs at
both waste sites and would certainly have led to significant perching and lateral spreading
of mobile contaminants and could conceivably have inhibited fiurther vertical migration
of the contaminants. It is highly unlikely that the flux rate of water during the active
disposal episodes could have forced this thick zone of fine-grained sediment to become
water saturated, which would then reduce its horizontal spreading capability. Also, the
sediment above the silt interval is composed of much coarser grained sand and gravel and
thus assumed to be much higher in hydraulic conductivity, which would promote lateral
spreading on top of the silt zone. Nitrate and tritium, both of which were major
constituents in PUREX waste streams, were first observed as groundwater contaminants
while the cribs were still in operation. Therefore, given the excessive amount of water
discharged to some of the PUREX cribs (such as 216-A-4 and 216-A-21), coupled with
observed historical contamination in the groundwater, it is obvious that at least some of
the contamination disposed to the cribs has reached the water table regardless of the
presence of a 20-foot thick silt lens deep in the vadose zone.

It would be useful to have groundwater experts revisit the historical groundwater data to
assess whether it is possible to determine what direction groundwater flowed below the
PUREX A cribs during the period of active liquid waste disposal and whether there have
been flow direction changes between the mid 1950s and present.

Tritium, nitrate, Ru- 106, Co-60, and gross beta (most likely dominated by Ru- 106) were
the "most elevated in concentration" contaminants found in the groundwater. In smaller
more localized regions at low but measurable amounts, Tc-99 and 1-129 were reported in
some groundwater wells during this 30 to 40 year time period. The regional tritium and
nitrate groundwater plumes reached concentrations as high as 10+8 pCi/L and 900 mg/L,
respectively, during and shortly after the period of active waste disposal to the PUREX A
cribs. Thus, liquid disposal to the PUREX A cribs undoubtedly impacted groundwater
over a large region and concentrations of a few mobile contaminants still slightly exceed
the drinking water standards today.

The historical groundwater data show increases in tritium, gross beta, and nitrate at
particular time periods, such as 1963 and 1985 in wells 299-E24-2 and E24-1, both of
which are located to the west of the 216-A-21 Crib. It is possible that a detailed analysis
of disposal histories at other PUREX facilities located closer to these wells might identify
the source disposal unit(s) that caused the episodic high groundwater concentrations at
the cited wells. It is also evident that a large region of groundwater south and west of the
three cribs studied herein was, and still is, contaminated with mobile contaminants.
Further, the vadose zone silt strata below the 21 6-A-2 and 21 6-A-4 Cribs contains some
additional tritium and nitrate that might slowly percolate to the groundwater in the future.

Some bounding calculations for the mass of tritium and nitrate remaining in the deep
vadose zone below the 216-A-2 and 216-A-4 Cribs could be made using their known
concentrations and an assumed range of lateral extent if the areal extent of the deep
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vadose zone silt strata could be delineated from critical review of all regional geologic
data obtained during drilling of boreholes and groundwater monitoring wells. This could
then be compared with the current regional groundwater plume mass to see if the residual
mass in the vadose zone would significantly increase the mass currently in the
groundwater.
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