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SUMMARY 

The Volatile Organic Compounds - Arid Integrated Demonstration Program 
(VOC-Arid ID) is targeted at demonstration and testing of technologies for the 
evaluation and clean up of volatile organic compounds and associated contami- 
nants at arid DOE sites. The initial demonstration site is an area of carbon 
tetrachloride (CCl,) contamination located near the center of the Hanford 
Site. 

The Hanford Site is a DOE facility located in the semiarid region of 
southcentral Uashington State, which has an annual precipitation of 16 cm/yr 
(6.3 in/yr). Contamination at the demonstration site originated from past 
disposal of liquid wastes generated at the Plutonium finishing Plant (PFP). 
These liquid wastes contained an estimated 363 to 580 cubic meters (96,000 to 
150,000 gallons) of CCl,, as well as plutonium (Pu), americium (Am), chloro- 
form, sodium nitrate, and other organics (e.g., tributylphosphate and lard 
oil). An estimated total of 13,200 cubic meters (3.5 million gallons) of 
liquid waste was discharged to three unlined subsurface 1 iquid disposal 
facilities (cribs) between 1955 and 1973. 

mit infiltration of waste effluents’ directly into the underlying soil column. 
This soil column consis of heterogeneous clastic sediments (predominantly 
unconsolidated sands an ravels) with a wide range of textures and hydraul ic 
properties. A highly calcareous (caliche) layer, the Plio-Pleistocene unit, 
is located approximately 40 m (130 ft) below the cribs and 30 m (100 ft) above 
the water table. This low permeability layer slopes to the south, nearly 

These cribs (similar to septic tank drain fields) were designed to per- 

approximately 73 m 
poor to well con- 

ay) with the higher conductivi- 
round water vel oci ties 

A low permeability mud 
layer (consisting of the lower and fine-grained-basal Ringold units) lies 
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approximately 76 m (250 ft) below the top of the aquifer. A thick sequence of 
basalt flows (the Columbia River Basalt Group) forms the site bedrock, and the 
base of the unconfined aquifer. Both the lower/fined-grained-basal Ringold 
Unit and the basalt surface slope to the south, while the local groundwater 
flow direction is to the northwest. Regional groundwater flow is to the east, 
toward the Columbia River. 

Past liquid waste disposal to the three CC1, cribs has resulted in both 
soil and groundwater contamination. The recognition o f  a substantial CC1, 
plume (up to 12.6 km2 [4.9 mi2]) in the unconfined aquifer has resulted in the 
initiation of an Expedited Response Action to reduce the amount of CC1, in the 
vadose zone. Groundwater concentrations of CC1, as high as 8,100 ppb (1,600 
times the Maximum Concentration Limit) have been reported. However, the esti- 
mated mass of CC1, delineated by the groundwater plume accounts for less thgn 
2% o f  the total estimated inventory released to the three cribs. Initial 
tests using vapor extraction equipment yielded an estimated 680 kg (308 lbs) 
of CC1, from the vadose zone beneath one of the cribs. Calculated air permea- 
bilities were on the order of 
the order of lo', cm/sec 
liquid CC1, has been detected in either the vadose zone or groundwater. 

cm2 (lo-" ft2) and air conductivities on 
ft/sec). To date, no separate organic phase 

The current subsurface distribution of CC1, is unknown; however, it is 
assumed that the majority o f  the CC1, remains in the subsurface. With the 
density of CC1, 1.58 times that of water, the upward movement of CC1, vapors 
into the atmosphere (via atmospheric pumping and/or diffusion) is considered 
minimal compared to the effects of density-driven vapor flow. Density flow is 
a very plausible mechanism for the movement of CC1, vapors from the vadose 
zone into the groundwater. The movement of organic phase liquid CCl, through 
porous media would leave some residual liquid retained in the soil pores. The 
large volumes of aqueous wastes and organic phosphates discharged along with 
the CC1, would likely trap this residual organic phase liquid in the larger 
soil pores, while the aqueous wastes would occupy and move through the smaller 
connecting pores. Thus, it is improbable that liquid organic phase CC1, 
reached the groundwater driven under its own pressure gradient, unless it was 
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localized in large open channels (such as those along the outside of unsealed 
well casings). However, once in the groundwater, the dense non-aqueous 
(organic) phase liquid (DNAPL) would likely sink through the aquifer and pool 
on low permeability layers. CC1, in the aqueous phase, or as an emulsion of 
very small CC1, globules in water, is another potential mechanism by which 
CC1, might have reached the groundwater. 

subsurface is very complex. The problem at the Hanford Site is further com- 
pl icated by the concurrent discharge of other waste constituents including 
acids, lard oil, organic phosphates, and transuranic radionuclides. In addi- 
tion, the subsurface environment is very complex, with large spatial varia- 
bilities in hydraulic properties. A thorough understanding of the problem is 

The movement of CC1, and other volatile organic contaminants in the 

essential to the selection of appropriate containment, retrieval, and/or in 
situ remedial technologies. The effectiveness of remedial technologies 
depends on knowing where the contaminants are, how they are held up in a given 
physical and chemical subsurface environment; and knowing the physical, chemi- 
cal, and microbiological changes that are induced by the various remedial 
technologies. 

V 
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INTRODUCTION 

, 

The Volatile Organic Compounds-Arid Integrated Demonstration Program 
(VOC-Arid ID) is a U.S. Department of Energy (DOE) program targeting the 
acquisition, demonstration, and deployment of technologies for evaluation and 
cleanup of volatile organic and associated contaminants in soils and ground- 
water at arid DOE sites. Many DOE laboratories, universities, and industries 
will participate in the program. Candidate technologies will be demonstrated 
in the areas of site characterization; performance prediction, monitoring, and 
evaluation; contaminant extraction and ex situ treatment; in situ remediation; 
and site closure and monitoring. The performance of these demonstrated tech- 
nologies will be compared to baseline technologies and documented to promote 
the transfer of new technologies to industry for use at DOE facilities. The 
initial demonstration site for this program is an area of carbon tetrachloride 
contamination located on the DOE Hanford Site. 

The purpose o f  this report is to inform principal investigators of 
candidate technologies, about the nature and extend of VOC contamination and 
the physical setting of the initial demonstration site. 
ground information on the source of the carbon tetrachloride contamination, 
the environmental characteristics of the site, the state of current knowledge 
regarding soil and groundwater contamination, and a discussion of conceptual 
models for the behavior of these contaminants. These descriptions are based 
on previous studies and information generated in support of the Expedited 
Response Action being taken by Westinghouse Hanford Company ‘(Hagood and Rohay 
1991; DOE 1991), 

It provides back- 
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BACKGROUND 

The Hanford Site has been a defense materials production complex since 
1943. Liquid wastes (some containing carbon tetrachloride) generated during 
plutonium recovery processes operated at the Plutonium Finishing Plant (PFP) 
were discharged to nearby s 
These discharges have resulted in th amination of the underlying soils 
and groundwater by carbon tetrachlor hloroform, and a variety of asso- 
ciated mixed hazardous and radioactive wastes. The following describes the 
location of the host site, the operational history of the PFP, the liquid 
waste disposal facilities (cribs) of interest, and the waste disposal history 
and inventory of these cribs. 

marized from DOE 1991. The reader is referred to this reference for more 
detai 1 ed information. 

LOCATION 

rface liquid disposal facilities (cribs). 

Much of the information presented in the foll sections has been sum- 

The Hanford Site is located in south central Washington State and is por- 
tioned into several operational areas. The 200 Areas (200 East and 200 West) 
are2 located near the center of the site and the PFP, formerly referred to as 
Z-Plant, is located in the west central portion of 200 West Area (Figure 1) . 
Carbon tetrachloride contamination in the soil (vadose zone) is primarily 
located in the immediate vici 
tetrachloride plume in the u 
the 200 West Area. 

PLUTONIUM FINISHING PLANT OPERATIONS 

ibs south of the PFP. The carbon 
extends beneath nearly all o f  

s a complex of chemical processing facilities designed to proc- 
xtracted from irradiated uranium fuel rods into its final prod- 

uct form (DOE 1991). The PFP received the plutonium extract as a plutonium 
nitrate solution and processed it into its final metallic forms. The process 
1 ines generated side streams that contained recoverable quantities o f  plu- 
tonium, including scrap from machining of the plutonium metal shapes. 

3 
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FIGURE 1. Location o f  the VOC-Arid I D  Si te ( a f t e r  Last and Rohay, 1991) 
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Plutonium from these side streams was recovered by the Recuplex Plutonium 

Recuplex, located in the 234-52 building, operated from 1955 through 
Scrap Recovery Faci 1 i ty (Recupl ex) and the P1 utoni um Recl amat i on Faci 1 i ty 
(PRF). 
1962 (DOE 1991) and served as a multipurpose solvent extraction plant that 

tion production lines. The Plutonium Reclamation Facility (PRF) was housed in 
the 236-2 building and .operated from 1964 to 1979, again from 1984 to 1987, 
and is scheduled to resume operation in late 1991 (DOE 1991). This facility 
had essentially the same m on as Recuplex but used superior solvent extrac- 
tion column technology. T RF also included the Waste Treatment and Ameri- 
cium Recovery Facility that was located in the 242-2 building and operated 
concurrently with the PRF (DOE 1991). 

0 recovered plutonium generated by various plutonium purification and fabrica- 

Historically, these facilities mixed large quantities of carbon tetra- 
chloride (CC1,) with other organics to recover plutonium from the side streams . 

using column extraction processes (DOE 1991). These countercurrent column 
extraction processes forced up an aqueous feed stream containing impurities 
and plutonium from the bottom of the extraction column, while a dense organic 
stream (consisting primarily of CC1, and tributyl phosphate) moved downward 
through the column. The organic stream extracted' plutonium from the aqueous 
stream and carried it out through the bottom o f  the column. Most of the 
impurities remained in the aqueous stream and exited through the top of the 
column. The plutonium-bearing organic stream then entered another extraction 
column where the plutonium was recovered by another aqueous stream. 

The chemical processes used by Recuplex and PRF resulted i n  the pro- 
duction o f  actinide-bearing aqueous and organic waste liquids (DOE 1991) * 
Descriptions of the three principal types of waste streams are presented 
bel ow. 

Prqanic Waste Streams 

Two organic streams (solvents) were uied in the Recuplex process: a 
tributyl phosphate (TBP) based solvent and a dibutyl butyl phosphate (DBBP) 
based solvent. Ionizing radiation and nitric acid would eventually degrade 
these solvents which were then discharged to the crib, in batches, and 
replaced with a fresh batch o f  solvent. 

i 
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The TBP-based solvent consisted of CC1, and TBP primarily in a ratio of 
85:15 of CC1, to TBP (DOE 1991). Tetrachloroethylene (also referred to as 
perchloroethylene) was also used at times in combination with the CC1, (DOE 
1991). 
(53 gal) (DOE 1991). 

Each batch of TBP-based solvent consisted of approximately 200 L 

The DBBP solvent stream, consisting of 50:50 CC1, to DBBP, was used 
for batch rework of aqueous liquid 'from the primary extraction column that 
exceeded plutonium concentration discharge specifications (DOE 1991). The 
DBBP-based solvent was stripped of plutonium prior to discharge to the cribs. 
Each batch of DBBP-based solvent was approximately 100 L (26 gal). 

Similar organic streams were also used in the PRF processes. A TBP based 
solvent with a ratio of 80:20 CC1, to TBP was used in the plutonium recovery 
processes, and a DBBP based solvent with a ratio of 70:30 CC1, to DBBP was 
used in the americium recovery processes (DOE 1991). 

Aoueous Waste Stream 

The aqueous waste stream, characterized as a high-salt aqueous waste, was 
primarily a concentrated (5 to 6 B) sodium nitrate (NaN0,)'solution with a pH 
of 1. Organic liquids consisting of CCl,, TBP, and DBBP occur'red in satura- 
tion amounts in the aqueous phase (DOE 1991). Kasper (1982) estimated that 
(5% of the high-salt aqueous waste consisted of the organic component. Large 
volumes of aqueous waste were discharged to the soil column through the same 
1 iquid waste disposal facilities (cribs) that received the organic wastes. 

The Recuplex wastes consisted of aluminum, magnesium, sodium, calcium, 
and other metal 1 ic nitrate salt wastes. These aqueous wastes were accumulated 
i n  a large stainless steel tank and partially neutralized to a pH of 2.5 by 
the addition of sodium hydroxide (DOE 1991). 

Lubrication Oil 

A lubrication/cutting oil (also referred to.as fabrication "fab" .or lard 
oil) consisting in a ratio o f  a 75:25 CC1, to lard oil mixture was used as a 
lubricant on PFP plutonium cutting and milling tools. CC1, was also used to 
clean the cutting oil from the millings and work surfaces (DOE 1991). The 
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used lubrication o i l  w i t h  a final ratio estimated a t  50:50 CC1, t o  lard o i l  
was discharged t o  the same cribs as the organic and aqueous wastes. 

JIOlJID WASTE DISPOSAL FACILITIES 

Liquid wastes from the Recuplex and PRF plutonium recovery processes were 
discharged t o  the soil column v ia  3 different cribs from 1955 u n t i l  1973 when 
the discharge of organic solvents to-these fac i l i t i es  was discontinued 
(DOE 1991). Recuplex wastes were discharged t o  the 216-2-9 Trench and PRF 
wastes were discharged t o  the 216-2-lA Tilefield and 216-2-18 Cr ib  (Figure 2) 
(DOE 1991). The physical design and disposal history of each of these cribs 
is  described below. 

216-2-9 Trench . 

The 216-2-9 trench is  an enclosed underground trench (or chamber), cov- 
ered by a concrete pad 0.23 m (9 i n )  thick (DOE 1991). The base of the 
unlined trench is  18.3 m (60 f t )  long by 9.1 m (30 f t )  wide and 6.1 m (20 f t )  
deep (DOE 1991). The 36.5-111 (120 f t )  by 27.4-m (90 ft) concrete trench cover 
is supported by six concrete columns 7 m (23 ft) high (DOE 1991). Waste was 
discharged t o  the trench v ia  one of two 3.8 cm- (1.5 i n )  stainless steel pipe- 
lines that terminated approximately 5 in (16 f t )  above the trench bottom. 
Figure 3 i s  a schematic map of this faci l i ty ,  i l lustrating the location of 
monitoring wells and boreholes. 

The 216-2-9 trench operated from 1955 through 1962 and received a l l  the 
organic and aqueous waste discharged t o  the soi l  from t h e  Recuplex f ac i l i t y .  
I t  received no other wastes. In 1973, nuclear and soil analyses of. the trench 
indicated that the concentration of plutonium i n  the top  30 cm (1  f t )  of soil  
posed a cr i t ical i ty  risk. Thus,  1100 L (290 gal )  of a 10 g/liter (1.4 oz/gal) 

was sprayed on the bottom of the trench (Smith 1973). nitrate sol u t i  
he top 30 cm (1 f t )  o f  soil i n  the trench bottom was mined, removing 

plutonium by 1978. Mining equipment used i n  an estimated 58 kg (128 lbs) 
th i s  operation is  s t i l l  present a t  the s i te .  

7 



PMonium 
Finishing Plant 

234JtBuilding r/ Waste Treatment 
andAmericium 

Recovery Building 

Plutonium 
Reclamation 

Facility 

*Fl 216-2-18 

0 100 m - - 
0 200ft 

FIGURE 2.  Site Map o f  Carbon Tetrachloride Disposal Sites i n  
the Vicinity o f  Z Plant (DOE 1991) 

8 



FIGURE 3. Topographic Map o f  the 216-2-9 Trench 
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216-2-1A Tile Field 

The 216-2-1A tile field is similar in design to that of a common septic 
tank drain field. It was constructed in 1949 to receive overflow liquid waste 
from three adjacent cribs, 216-2-1, 216-2-2, and 216-2-3. Construction of the 
tile field was initiated with a 5.8 m-deep-excavaiion with floor dimensions of 
approximately 35 m by 84 m (Price et al. 1979). The floor of the excavation 
sloped slightly to the south (min. 1% slope) and was covered by a 1.2-m-thick 
layer of cobbles. A herringbone pattern of vitrified clay pipe 20 cm in diam- 
eter was placed on the cobble layer (Figure 4). The piping system was then 
overlain with 15 cm of cobbles and 1.5 m of sand and gravel. 

The tile field was used in this configuration from 1949 to 1959. The 
waste stream discharged to the three cribs, and overflow to the tile field 
consisted of neutral to basic (pH 8 to 10) process waste and analytical labo- 
ratory and development laboratory waste from the 41-2-361 settling tank of the 
PFP (Z-P1 ant). 

Prior to the tile field's reactivation in 1964, a sheet of 0.05-cm-thick 
polyethylene and a 30-cm-thick layer of sand and gravel were added and the 
1 iquid waste discharge piping was routed directly to its central distributor 
pipe. Between 1964 and 1969, a stainless steel pipe 5 cm in diameter was 
progressively inserted inside the central distributor pipe to divide the tile 
field into three operational sections (2-lAA, Z-1AB and 2-1AC). During this 
time the tile field received the aqueous and organic waste from the PRF. No 
other facility received PRF wastes during this time, except on two brief occa- 
sions while modifications were made to the piping system and waste was dis- 
charged to the adjacent 216-2-1 and 216-2-2 cribs. 

216-2-18 Crib 

The 216-2-18 crib operated as a replacement for the 216-2-1A tile field, 
receiving aqueous and organic wastes from the PRF between 1969 and 1973. This 
drain-field-type crib consists of five parallel trenches, each 63 m long by 
3 m wide, and ranging from 4.5 m to 5.5 m deep. The floor of each trench was 
covered with approximately 0.3 m o f  gravel. Two parallel fiberglass- 
reinforced, epoxy distributor pipes 7.6 cm in diameter were placed on the 
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FIGURE 4. Map o f  the 216-2-1A Title Field 
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gravel layer within each trench. A central steel pipe 7.6 cm in diameter con- 
nected each trench (Figure 5). Another layer of approximately 0.3 m of gravel 
was placed over the distributor pipes in each trench, and the gravel was cov- 
ered by a membrane barrier that was covered with approximately 15 cm (6 in.) 
of sand and then backfilled to grade. 
that the western-most trench never received any waste. 

In 1991, Westinghouse Hanford indicated 

NASTE INVENTOR1 ES 

The chemical processes used by recuplex and PRF resulted in the produc- 
tion of actinide-bearing aqueous and organic waste 1 iquids. The primary 
radionuclide component of these liquids was plutonium (Pu) and the primary 
organic constituent was CC1,. 
580,000 L (95,900-153,000 gals) of CC1, was discharged to the soil between 
1955 and 1973. Other constituents present included: TBP, DBBP, monobutyl 
phosphate (MBP), DBP, lard oil, cadmium, nitrates, hydroxides, fluorides, 
sulfate, chloroform, methylene chloride, and various radionuclides. 
summarizes the estimated inventory of each crib; a more complete discussion of 
the inventories is presented in DOE 1991. 

In 1991, DOE estimated that between 363,000 and 

Table 1 

12 



;.l 

\. i 
-. 

'\. i 

0 

'\\ 
i 

. 
FIGURE 5. Topographic flap o f  the 216-2-18 Crib 

13 



TABLE. Inventories for the Carbon Tetrachloride Cribs ( a f t e r  DOE 1991) 

Operating Total P1 uton i urn Carbon Tet. 
Crib Oates Haste Source a l k c l l o  
216-2-9 1955-1962 Recupl ex 4.09E+06 1 06(a') 8.30Et04-3.00Et05 

216-2-1A 1949-1959 2-Plant I. 00Et06 - - -  
(1.29Et0.6 gal)  (234 lbs) (2.19Et04-7.93Et04 gal ) 

(2.64Et05 gal ) 

1964 - 1969 PRF 5.20Et06 57 1. 70Et05(b) 
( 1.37Et06 gal ) (126 l b s )  (3.96Et04 gal ) 

3.86Et06 23 1.10Et05 
(1.02Et06 gal )  (51 lbs)  (2.91Et04 gal)  

c r i b  overf 1 ow 
k-4 
P 

216-2-18 1969-1973 PRF 

..-e - - -  TOTAL 14.15Et06 186 3.63Et05-5.80Et05 
(3.74Et06 gal ) (410 lbs)  (95,900 gal-153,000 gal )  

(a) 
(b) Includes l a r d  o i l .  

58 kg (128 l b s )  were 1 a ter  removed. 



ENVIRONMENTAL SETTING 

This section describes the environmental setting of the VOC-Arid ID 
demonstration site, including its climate, geology, and hydrogeology. 

C L I MATE 

The Hanford Site is located in a semiarid region east of the Cascade 
Mountains of Washington State. The Cascade Mountains greatly influence the 
climate of the Hanford Site by causing a rain shadow effect and also serving 
as a source of cold air drainage. Climatological data have been collected at 
the Hanford Meteorological Station (HMS) located just east of the 200 West 
Area. A summary of these data through 1980 has been published by Stone et al. 
(1983). 

Prevailing winds on the ZOO-Area plateau are from the northwest, with 
monthly average wind speeds ranging from 10 to 11 km/h (6 to 7 mi/h) during 
the winter months and 14 to 16 km/h (9 to 10 mi/hr) during the summer months. 
Strong southwesterly winds are frequent during the spring and fall. 

January to a high o f  24.7.C (76.5.F) in July. The annual average relative 
humidity at the Hanford Meteorological 
during the winter months, averaging ab 

The average monthly temperatures range from a low of -1.5.C (29.3.F) in 

ation is 54%. Humidity is highest 
75X,  and lowest during the summer, 

averaging about 35%. 

nnual precipitation at the HMS is 16 cm (6.3 in). Most of the 
occurs during t he annual amount 

occurring from November through February. Winter monthly erage snowfall 
ranges from 0.8 cm (0.3 in) in March to 13.5 
accounts for about 38% o f  all precipitation from December through February. 

GEOLOGY 

winter with nearly half o 

(5.3 in) in January. Snowfall 

The subsurface geology of the demonstration site consists of a thick 
accumulation [>150 m (500 ft)] of clastic sedimentary deposits overlying 

15 



basalt bedrock (Figure 6). These sedimentary deposits include several 
lithologic units (basal, lower, middle, and upper) of the Mio-Pliocene age 
Ringold Formation, the Plio-Pleistocene unit, the Early "Palouse" soil, and 
the glaciofluvial Hanford formation. A thin veneer of Holocene sand locally 
covers the ground surface. I 

The stratigraphic relationships between these units have been inter- 
preted from numerous boreholes located in the vicinity of the PFP (Figure 7). 
These relationships are illustrated via geologic cross sections presented in 
Figures 8-10. These interpretations were based on evaluation of the following 
types of data: 1) geologist's logs, 2) gross gamma logs, 3) driller's logs, 
4) granulometric analyses, 'and 5) calcium carbonate analyses. These data were 
evaluated in accordance with characteristics identified by Bjornstad (1985) 
and DOE (1988) to distinguish between primary geologic units. A discussion of 
the principal geologic units (based on previous reports on the 200 West Area 
(Tallman et al. 1979, 1981; DOE 1988; Last et al. 1989; Last and Bjornstad 
1989; Bjornstad 1990) is presented below. 
diagrams for the boreholes/wells located in the immediate vicinity of the PFP 
can be found in DOE 1991. 

Saddle Mountains Basalt Formation (Bedrock) 

Lithologic and well construction 

The Saddle Mountains Basalt is the uppermost formation of the Columbia 
River Basalt Group (Swanson et al. 1979). The Elephant Mountain basalt dated 
at 10.5 million years (McKee et al. 1977) is the uppermost member of the 
Saddle Mountains Formation underlying the PFP. The Elephant Mountain basalt 
forms the base of the suprabasalt aquifer system. The PFP is located along 
the north flank of the Cold Creek Syncline, thus, the basalt surface in this 
area dips gently to the southwest (Figure 11). 

pi nciol d Formation 

The Ringold Formation consists of fluvial-lacustrine deposits from the 
ancestral Columbia and Salmon-Clearwater rivers (Tallman et al. 1979, 1981; 
Fecht et a l .  1985). Locally, the Ringold Formation has been broken .into four 
units: the basal, lower, middle, and upper units. 

16 
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The basal Ringold unit is subdivided into coarse-grained and fine- 
grained subunits. The coarse-grained subunit 1 ies above the Elephant Mountain 
Member and consists of clast-supported sandy gravel to gravelly sand. This is 
overlain by increasingly finer sand and mud which forms the fine-grained 
subuiit. The latter subunit pinches out or was eroded in the eastern portion 
of the 200 West Area (Last et al. 1989). A Paleosol sequence is often present 
at the top of the basal Ringold unit. This unit is equivalent to fluvial 
sequence A (FSA) identified in DOE 1991. Thickness of the basal Ringold unit 
ranges from 0 to 27 m (0-90 ft). 

Overlying the fine-grained basal Ringold unit Ss a laminated mud 
sequence of the lower Ringold Unit. 
lower Ringold unit pinches out in the northeastern portion of 200 West Area 
(Last et al. 1989). Where present, the fine-grained basal/lower Ringold units 
create a layer confining water movement and form the bottom of the unconfined 
aquifer in the western portion of the 200 West Area. The thickness of the 
fine-grained basal/lower Ringold ranges from 0 to 12 m (0-90 &. ft). The lower 
Ringold unit and fine-grained basal Ringold Unit together is equivalent to the 
Ringold lower mud (LM) unit described by DOE (1991). The top of the lower 
Ringold unit dips toward the southwest (Figure 12). 

Like the fine-grained basal Ringold, the 

The middle Ringold unit, which is up to 91 m (300 ft) thick and present 
everywhere within the 200 West Area, consists primarily of coarse-grained 
sandy gravel and muddy sandy gravel. The uniform clast-supported texture of 
the middle Ringold unit is sometimes interrupted by thin zones o f  sand and/or 
mud. The middle Ringold unit i s  equivalent to fluvial sequence E (FSE) 
identified in DOE 

The upper Ringold unit is discontinuous neath the 200 West Area and 

is gradational and is gen- 
consists of f i ner-grained deposits, mostly sand to gravelly sand. The 
contact with the underlying middle Ringold 
erally defined as where the amount of light-colored arkosic sand exceeds the 

f gravel. This unit i s  found almost exclusively in the west-central 
portion of the 200 Nest Area, with the southern extent lying beneath the PFP 
where it is up to about 6.1 m (20 ft) thick (Figure 13). The present 
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distribution and large variations in thickness of the upper Ringold unit are 
the result of post-Ringold erosion (Last et al. 1989). 

Plio-Pleistocene Unit 

The Plio-Pleistocene unit within the 200 West Area consists of a calcar- 
eous mixture of sand and mud representing a highly weathered paleosurface that 
devel oped atop the Ri ngol d Formation (Brown 1959 , 1960) . Wh i 1 e some aggrada- 
tion of new material may be associated with this unit, much of the material is 
the result of in situ weathering of the uppermost Ringold Formation (i.e., mid- 
dle or upper Ringold units). The concentration of secondary calcium carbonate 
cement (caliche) , a common soil -development product in arid environments, 
exceeds 30% by weight in some samples. 
completely fill the voids between sedimentary particles, making it relatively 
impermeable. 

In places, this secondary cement may 

‘The Plio-Pleistocene unit (Bjornstad 1984, 1985) appears to be a contin- 
uous stratum beneath the demonstration site even though its thickness varies 
from 0.5 to 9.1 m (2 to 30 ft) (Figure 14). The actual thickness of the Plio- 
Pleistocene unit is subject to interpretation since the lower boundary is 
gradational with the underlying sediments. The interpretation used here is 
based on a combination of driller’s logs, geologist’s logs, gross gamma logs, 
and CaCO, data. For example, the lower boundary was selected where the con- 
centration of CaCO, became (5 percent by weight. 
Pleistocene unit is about 3 to 6.1 m (10 to 20 ft) thick in the vicinity of 
the PFP. The upper surface of this unit dips to the southwest, as demon- 
strated by a contour map (Figure 15) and three-dimensional view (Figure 16). 
This is significant hydrologically because highly-cemented zones within this 
unit could inhibit the downward percolation of water in the unsaturated zone. 
If unsaturated flow moved laterally along this surface, it could be moving in 
a different direction than the local groundwater flow. The thickness (Fig- 
ure 14) and degree of caliche development within the Plio-Pleistocene unit 
vary considerably from one location to another. The Plio-Pleistocene unit is 
generally thinner to the south and east of the PFP but is also thin (1.5 m) 
(5 ft) just southwest of the PFP (Figure 14). 

In general , the P1 io- 

Considerable relief with 
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northeast trending paleochannels and ridges occurs on top of the Plio- 
P1 ei stocene unit (Figure 15). 

Earlv "Palouse" Soil 

The Early "Palouse" soi'l, another continuous stratum beneath the study 
area, consists of an unconsolidated muddy fine sand to fine sandy mud believed 
to be early Pleistocone loess (windblown silt and sand), which blankets the 
Plio-Pleistocene unit. This eolian deposit was derived from either reworked 
Plio-Pleistocene unit or upper Ringold material (Brown 1960). Compared to the 
P1 io-Pleistocene unit, the Early "Palouse" soil is relatively unconsolidated 
and less calcareous. The Early "Palouse" soil is similar in thickness to the 
Plio-Pleistocene unit about 3 to 6.1 m (10 to 20 ft), although it is generally 
thinner directly beneath the PFP than in surrounding areas (Figure 17). Like 
the Plio-Pleistocene unit, this unit is much finer grained and less permeable 
than the overlying Hanford formation. The top of the Early "Palouse" soil 
generally is similar to the top of the Plio-Pleistocene u n i t  (Figure 15), and 
dips nearly opposite to the direction of groundwater flow. 

Hanford Formation 

The Hanford formation was deposited by Pleistocene cataclysmic floods 
(Myers and Price et al. 1979), which first inundated eastern Washington as 
early as 1 million years ago (Bjornstad and Fecht 1989). These floods 
resulted from the sudden'release of glacial waters from Lake Missoula, near 
the northern Idaho/Montana border, and covered eastern Washington perhaps 
dozens o f  times between 1 million and 13,000 years ago (Baker 1973, Waitt 
1980). 
blanketed the area with mostly coarse-grained, poorly sorted glaciofluvial 
deposits that are now referred to informally as the Hanford formation. 

For simplicity, the Hanford formation within the ZOO West Area is 

In the Pasco Basin, these floods eroded into the Ringold Formation and 

divided into two generalized 1 ithostratigraphic units: 
sequence and 2) an overlying coarse-grained sequence. The basal sl ackwater 
sequence consists o f  a mostly fine-grained muddy sand to sandy mud, although 
coarser-grained facies may a1 so be present. The overlying coarse-grained 
sequence, which consists of mostly gravel and sand, is probably associated 

1) a basal slackwater 
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with the latest flood episode(s) that formed the 
channels just north of the 200 West Area (Figure 
the Hanford formation into six locally defined 1 

present network of flood 
18). In 1991, DOE divided 
thofacies but more regional 

correlation of the subunits is extremely difficult and tenuous because of the 
dynamic flow systems and resultant erosion and deposition associated with 
flooding. 
and grade 1 aterally from coarse-grained cobbles and boulders to fine-grained 
sand and mud over distances of tons of meters (hundreds o f  feet) or less. 

* 

For example, in outcrop exposures Hanford 1 ithofacies may alternate 

An old buried paleochannel is present in the Hanford formation just west 
of the PFP. This is indicated in Figure 8 where the basal slackwater sequence 
has been eroded and replaced with a thick coarse-grained sequence. The 
position of the buried flood channel is coincident with a more recent north- 
south trending secondary flood channel preserved at the surface, which bisects 
Cold Creek bar (Figure 19). The thickness of the coarser-grained sediments 
and the coincident nature of the older and more recent channels suggests that 
earlier and later floods may both have followed a similar.course. 

MINERALOGY 

Based on. the analysis of a limited number of samples (Bjornstad and 
Amonette, 1991), the bulk mineralogy of the suprabasalt sediments in the 
200 Areas does not vary greatly among the various stratigraphic units. The 
sand and silt fractions are dominated by quartz and plagioclase feldspar, with 
the exception of the Plio-Pleistocene unit, where large quantities of second- 
ary calcium carbonate occur. Considerable variability, however, i s  found in 
the amounts and kinds of minerals in the clay-sized fraction. Clay contents 
of these sediments typically range from 1% to 14% by weight, but may be nearly 
twice this amount in occasional fine-textured overbank deposits. 

The amounts and kinds of clay minerals present, and, particularly the 
relat'ive amounts of high-charged and low-charged minerals, define the surface 
chemistry of a particular sediment and, hence, influence the transport of con- 
taminants through that sediment. Smectites, which are moderately charged 2:l 
layer-si1 icates, dominate the clay mineral suite for the specimens analyzed 
(Figure 20). The proportion of smectite in the clay fraction ranges from 95% 
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in the Middle and Basal Ringold facies to as low as 55% in some of the Hanford 
facies specimens from the 200 East Area. Illites and vermiculites, which are 
high-charged smectite precursor minerals, and chlorites, which are non- 
expanding 2:l:l layer silicates that may be smectite precursors, make up most 
of the rema’inder of the clay fraction, The amounts of each of these minerals 
are inversely proportional to the amount of smectite present. Trace amounts 
of kaolinite, a very-low-charge 1:l layer-silicate, are found in clay frac- 
tions from all sediments, but show no correlation with the quantities of the 
2:l layer silicates. More samples need to be analyzed before conclusions 
about the clay mineralogy and surface chemistry of any particular strati- 
graphic unit can be drawn with certainty. 

YYDROGEOLOGY 

Recharge to the groundwater in the 200 West Area comes from both natural 
and artificial sources. Groundwater discharge is primarily east to the 
Columbia River. Natural recharge from precipitation occurs primarily to the 
west of the 200 West Area on and adjacent to the basalt ridges (e.g., Yakima 
Ridge, Figure 18). Artificial recharge to the unconfined aquifer occurs pri- 
marily in the 200 Areas from discharge of waste streams and cooling water. 
Artificial recharge is estimated to be approximately 10 times the natural 
recharge at the Hanford Site (Graham et al. 1981). Natural recharge on the 
Cold Creek Bar (Figure 18) has been estimated at near 0 to 10 cm/yr 
(0-4 in/yr) (Gee 1987), which is almost negligible compared to artificial 
recharge as a means of carrying contaminants from the vadose zone to the water 
table. 

The vadose zone is relatively thick in the 200 West Area, ranging from 
62-84 m (203-276 ft). Within most of the 200 West Area the water table lies 
within the middle Ringold unit. As previously discussed, the geologic units 
found in the 200 West Area have a wide range of textures and hydraulic proper- 
ties. These properties have been calculated using a variety of techniques 
including laboratory measurements, percolation tests, and aquifer tests. 
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Considerable data exists for the Hanford and Ringold formation, while 
relatively 1 ittle hydrologic information is available for the Early "Palouse" 
soil and Plio-Pleistocene unit. 

Bjprnstad (1990) reported data for water content, water retention, and 
saturated hydraulic conductivity determined from core samples and aquifer 
tests of wells near the Low Level Burial Grounds in the 200 West Area. More 
recent data have been collected by Westinghouse Hanford from core samples 
obtained from wells north of the PFP. The Westinghouse Hanford data include 
primary drainage (drying) and imbibition (wetting) characteristics and 
saturated hydraulic conductivities. The ranges of hydraul ic properties 
reported for the principal geologic units within the 200 West Area are pre- 
sented in Table 2, demonstrating the considerable variation that occurs 
between and within these units because of their heterogenous nature. 

In general, hydraulic conductivities are greatest for the Hanford forma- 
tion, while a one-to-three order o f  magnitude difference exists between the 
Hanford formation and the Middle Ringold unit (DOE 1988). However, large dif- 
ferences in the range of hydraulic conductivities exist within these units. 
For example, the upper portion of the middle Ringold units generally has 
higher hydraulic conductivity values (0.02 to 61 m/d) ('0.07 to 200 ft/d) com- 
pared to the lower portion o f  the middle Ringold unit (0.5 to 1.2 m/d) (1.6 to 
3.9 ft/d). This may be due to a higher degree of compaction and/or alteration 
in the older Ringold sediments. Seismic refractjon surveys (DOE 1988) indi- 
cate that the lower portion of the middle Ringold unit has a higher seismic 
velocity that probably coincides with a lower 'hydraulic conductivity. The 

Early "Palouse" soil Plio-Pleistocene unit, lower Ringold unit, and upper 
basal Ringold subunit have relatively low permeability because of their fine- 
grained texture. 

In addition to aquifer testing and laboratory determination of saturated 
conductivity, field percolation tests were conducted in the early 
the immediate vicinlty o f  the 216-2-20 crib. Based on the ponded 

infiltration rates during these tes 
hydraulic conductivities were calcu 
a volumetric water content range from'0.23 to 0.35. 

and assuming a unit hydraul i c gradient , 
d that range from 3,O to 17.2 m/d, over 
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Strat iqraohic Uni t  

Hanford formation 

Early "Pal ouse" Soi 1 

P1 io-Pleistocene Un i t  

Upper R i  ngol d Uni t  

w Middle Ringold Uni t  
Q) 

Lower Ringold Uni t  

Basal Ringold Unit 

TABLE 2 .  Reported Hydraulic Properties f o r  the 200 West Area 

Saturated Hydraulic 
Conductivitv (m/ d) 

600 t o  3,000(b) 
(2,000 t o  10,000 f t /d )  

0.12 

0.10 

0.03 t o  61(') 
(0.10 t o  200 f t /d )  

0 . 3  t o  1550'") 
(1 .0  t o  5100 f t /d)  

1.0 t o  3.6(b) 
(3 .3  t o  11.8 f t /d)  

-5(4 1.6  ~ ' 1 %  
(5 .3  x 10' f t /d)  

0.001 t o  0.61") 
(0.003 t o  2 f t /d )  

(a) From DOE (1991). 
(b) From Graham e t  a1 . (1981). 
(c)  From Last e t  a1 . (1989). 

Effect ive 
Poros i  t v  Storat i v i  t v  

-0. 3(b) 0. 07(b) 

O . l ( d ) - O .  2(b) 0 ,05-0.2(  ' 
0. ltb) 0.. 002(b) 

Grav i m e t r i  c 
Moisture 

( RanqelAveraqe 1 
Content (%) (a) 

0 . 3  - 33.2/5.3 

2 . 7  - 29.5/ 1 3 .9 

1.8-5.8/3.8 

1.9-11.4/6.6 

0.9-6.6/2.4 



Effective porosity ranges from about 0.3 for the Hanford formation to 
0.1-0.2 for the Ringold Formation (Table 2 ) .  No effective poros,ity or stor- 
ativity data are available for the Early "Palouse" soil and Plio-Pleistocene 
unit. On the average, moisture contents in the vadose zone are greatest for 
the Early "Palouse" soil and least for the'middle Ringold unit (DOE 1991). 
Subsurface moisture content appears to be influenced by sediment texture -and 
proximity to zones of artificial recharge. Soil air permeabilities obtained 
from the vadose zone (Hanford formation) during vapor extraction testing at 
the 216-Z-1A tile field ranged from 2 x low8 to 5.6 x cm2 (2 x 30'" to 
6 x 10'" ft2) with air hydrologic conductivity of 1.3 x low4 to 
3.7 x 1 0 - ~  cm/sec (4.3 x 10- to 1.2 x 10" ft/s) at the 17-23 m (56-75 ft) 
depth in well 299-W18-171 (DOE 199 

Regional groundwater fl rom west to east (Newcomer 
et al. 1991). The present directi dwater flow in the vicinity of 
the 200 West Area i s  largely influenced by a groundwater mound created by past 
artificial recharge at the 216-U-10 pond (U pond) and current discharges to 
the 2164-14 ditch nortbeast of U pond (Figure 21). Since 1984 when U pond 
was deactivated, the groundwater mound has diminished, causing the water table 
to drop as much as 4 m (13 ft). The water level in the vicinity of PFP has 
also dropped by approximately 2 m (6.6 ft) since 1984. The water table in the 
vicinity of PFP ( gure 22) ranges from approximately 62-84 m (200 to 275 ft) 
below ground sur e and from 142 to 144 m (467 to 472 ft) above sea level. 
The mound is expected to continue influencing groundwater flow for a number of 
years. Groundwater velocities in the vicinity of the PFP have be 
at 0.01 to 1 m/d (0.03 to 3 ft/d) (Last et al. 1989). 

In discussing the composition of groundwater in the unconfined acquifer 
beneath the 200 West Area, distinctions must be made between background 
concentrations and concentrations that have anthropogenic origins. An 
estimate of the average background composition of Hanford groundwater from the 

values reported by Gephart et 1. (1979) from site-wi itoring studies in 
uifer was made Evans et al. (1988) pares we1 1 with 
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FIGURE 21. Water Table Elevation for the Hanford Site Measured 
in June 1989 (Jaquish and Bryce 1990) 
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TABLE 3. Reported Mean Site-Wide Background Compositions of Hanford 
Groundwater from the Unconfined Aquifer, Mean Composition 
of Groundwater. from the 200 West Area, and Mean Groundwater 
Composition for Selected Wells Up-Gradient and Down-Gradient 
of the 216-U-1 and 216-U-2 Disposal Facility in the 
200 West Area 

Hanford Site-Wide . . 200 West Area 
Constituent Backwound''' B ac kwoundtD' Mean UD-Grad Down-Grad 

mg L-' 

Na' 23 21 52 22 41 
Mg" 11 12 19 6 17 

K+ 6 6 5 3 6 
SiO, 35 ND(~) ND ND ND 
Alkalinity (as CO';) 75 123 127 103 152 

c1- 11 9 17 4 22 
NO-: 27 ND 162 ND ND 
PH ND 7.64 7.73 7.9 7.7 

Ca+' 41 43 58 17 59 

so-: 43 40 44 17 47 

(a) Gephart et a1 . (1979). 
(b) Evans et a1 . (1988). 
(c) ND = Not Determined or Not Reported. 

the late 1970's (Table 3). Analyses of groundwater samples taken from wells 
in the 200 West Area during the spring of 1987 clearly show anthropogenic 
effects on groundwater composition (Table 3). Data from 4 wells up-gradient 
and 9 wells down-gradient o f  2 waste disposal cribs (216-U-1 and 216-U-2) in 
the 200 West Area show a decrease of 0.2 units in pH and substantial increases 
in alkalinity, Ca, Mg, K, Na, C1, and SO;', presumably as a result o f  the 
disposal practices. The increases in Na, C1, and SO;' concentration can be 
related to the actual waste stream and those in alkalinity, Ca, Mg, and K 
concentration to reactions of the waste stream with soil constituents. 
Results of geochemical modeling calculations performed with the MIMEQ code 
(Felmy et at., 1984) show that both up-gradient and down-gradient groundwater 
samples are near equilibrium with calcite. The results for the up-gradient 
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wells suggest that the true background concentrations for the 200 West Area 
groundwater may be lower, and the background pH higher, than the site-wide 
values recommended by Evans et a1 (1988) 
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YASTE SITE CONTAMINATION 

This section presents current information regarding the extent of vadose 
zone and groundwater contamination beneath the three carbon tetrachloride 
(CC1,) receiving cribs: 216-2-9, 216-2-1A, and 216-2-18. This information is 
based primarily on the results of previous investigations (e.g., Price et al. 
1979) and the ongoing ERA (DOE 1991). 

VADOSE ZONE CONTAMINATION 

Well and borehole drilling operations in the vicinity of cribs 216-2-9, 
216-2-1A, and 216-2-18 have historically detected CC1, odors in the vadose 
zone. Since 1987, well-drilling operations using portable photoionization 
detectors (PIDs) have also detected CC1, vapors away from the cribs throughout 
most of the 200 West Area. Figure 23 illustrates the location o f  wells where 
CC1, vapor has been detected during recent well-drilling operations. Most of 
these detections have been below the Plio-Pleistocene unit that occurs 
approximately 40 m (130 ft) beneath the surface. 

Soil samples ollected while drilling several boreholes were analyzed 
for volatile organic contaminants using standard laboratory procedures 
(Airhart 1990, Barton 1990, 6oodwin 1990, and Goodwin and Bjornstad 1990). 
Eleven o f  the sixteen boreholes yielded CC1, concentrations above the detec- 
tion limits. Although CC1, was detected ‘both above and below the caliche 
layer, the highest concentrations were generally found below the caliche and 
just above the water table (DOE 1991). Other substances 
in these s o i l  samples. A complete list o f  detected const 
in Table 4. 

o support the ERA, Uestinghouse Hanford performed s 
i nvestigat i ons, in 
extraction testing 

this entire area. Soil gas values ranged from 1.49 to 14.95 ppm of chlori- 
nated hydrocarbons (DOE 1991) 

bs (Figure 24). Results indicate that CCl, is present beneath 
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FIGURE 23. Wells with CC1, i n  the Vadose Zone, 1987-1991 (DOE 1991) 
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TABLE 4. Chemical Species Detected in Borehole Samples from the 
200 West Area (from DOE 1991) 

acetone benzene chlorobenzene 

Chloroform 1,2-dichloroethane 0 1,l -dichloroethyl ene 

ci s-1 ,2-dichl or- trans-l,e-dichlor- ethyl benzene 

f 1 uoromet hane methylene chloride methyl isobutyl ketone 

oethylene oethyl ene 

tetrachloro- 0 toluene 
ethylene 

l,l, 1-trichloroethane 

trichloro- 0 p-xylene 
ethyl ene 

m-xylene o-xylene 

Well head sampling results are summarized in Figure 24. Nearly all the wells 
sampled had detectable organic vapors (with CC1, confirmed). Wells without 
detectable organic vapors were either sampled only on high pressure days or 
had cement plugs in the bottom with no apparent openings to the soil (DOE 
1991). Downhole sampling. in the 216-2-9 trench area found CC1, values ranging 
from 2.3 to 106 ppm (DOE 1991); those in the 216-2-lA tile field area ranged 
from 1.7 to 16.2 ppm; and those in the 216-2-18 crib area ranged from (1 to 
140 ppm (DOE 1991). The primary concentrations of CC1, vapors were found 
between 24 to 63 m (79 to 207 ft) below the ground surface (DOE 1991). 

Vapor extraction tests at the 216-2-1A tile field indicated that con- 
centrations of up to 89 ppm of CC1;had migrated at least 40 m (130 ft) deep 
to the top of the Plio-Pleistocene unit (DOE 1991). These tests also indi- 
cated that the CC1, had migrated laterally away from the tile field a distance 
of at least 24 m (80 ft) (DOE 1991)- An 80-hour venting test with an average 
flow rate of 151 liters/sec (320 CFM) at well 299-W18-171 yielded an initial 
concentration of 200 ppm v01, which gradually increased to 600-700 ppm after 
30 hours and peaked at 915 ppm at 67 hours (DOE 1991). An estimated 136 kg 
(300 lbs) of CC1, were removed during this test. A 24-hour vent test with an 
average flow rate of 26 liters/sec (55 CFM) at well 299-W18-167 yielded 
relatively constant CC1, values ranging from 180 to 200 ppm (DOE 1991). An 
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estimated 3.6 kg (8 lbs) of CCl, were removed during this 24 hr period. Car- 
bon tetrachloride was the only volatile organic compound identified in the gas 
samples (DOE 1991). 

Radiological contamination at these cribs has been the subject of seve- 
ral studies. Smith (1973) investigated the distribution of Pu in the top 3 m 
,(IO ft) below the 216-2-9 trench. He estimated that the top 30 cm (1 ft) of 
soil beneath the trench contained 40 kg of Pu. Price and Ames (1975) examined 
the actinide (Pu, Am) contamination at the 216-2-9 and 216-2-1A cribs. They 
confirmed that the highest concentrations o f  Pu and Am were located just below 
the bottoms of the facilities, and that concentrations decreased at least 
three orders of magnitude within the first 2 or 3 m (6 to 10 ft). Price and 
Ames (1975) also found that two types of Pu occurrence were responsible for 
this distribution, "particulate" and "nonpartlculate." The "particulate" Pu 
was described as discrete Pu particles 2 to 5 pm (2000 to 5000 Angstroms) in 
diameter, consisting primarily of PuO,, which were filtered out of the waste 
solution. The "nonparticulate" form of Pu was believed to have originated as 
Pu(1V) in solution, which was partially removed in conjunction with silicate 
hydrolysis reactions between the acidic waste solutions and the sand to silt 
sized rock fragments (especially the glassy portions of the basalt fragments). 

. 

The presence and extent of Pu Am beneath the 216-Z-1A tile field 
were investigated in detail in 1979 (Price et al. 1979). This study found 
that the distributions o f  Pu and Am were similar, with the highest concentra- 
'tion of Pu at about 4 x l o 4  nCi/g and o f  Am at 2.5 x l o 3  nCi/g, located 
immediately beneath the tilefield's central distributor pipe. The concentra- 
tions of Pu and Am generally decreased with depth except at silt-enriched 
horizons and boundary areas between major sedimentary units where they 
increase. The maxlmum vertical penetration of actinide contamination was 
located approximately 30 m (100 ft) below the bottom of the crib (Price et al. 
1979). The lateral tent of contamination was estimated to be located within 
a 10 rn (33 ft) wide ne encompassing the perimeter of the crib. Figure 25 is 
a graphical represent f the waste plume beneath the 216-Z-1A tfle field 
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(from Kasper et al. 1979). 
presence of radioactive contaminants at the 7.6 to 18.3 m (25-60 ft) depth 
below the 236-2-18 crib. 

GROUNDWATER CONTAM I NAT ION 

Fecht, Last, and Price (1977) identified the 

The aquifer directly beneath the PFP has become contaminated as a result 
of past waste disposal practices from the PFP and other chemical processing 
and waste management facilities in 200 West Area. The principal aquifer 
contaminants be th the PFP area are: CCl,, chloroform, nitrate, ferrocya- 
nide, plutonium nd uranium. A discussion of the contaminant distribution of 
these constituents follows. The zones of contamination are defined by that 
area that exceeds the appropriate Maximum Concentration Limit (MCL) described 
by ERA (1976), or the Deri Concentration Guide (DCG) set by DOE (1981). 
Existing groundwater qual i data originates predominantly from we1 1 s com- 
pleted at the top of the unconfined aquifer. Limited data are available to 
assess the vertical distribution of contaminants. Thus, the,following dis- 
cussion focuses on the horizontal contaminant distribution at the top of the 
unconfined aquifer. 

are discussed by'Evans et at. 1990. 

Carbon Tetrachloride 

Other contaminants found in the groundwaters beneath the 200 West Area 

arbon tetrachloride-contami nated groundwater spans most of 
the 200 West Area. The center of the plume i s  located near the PFP. The size 
of the plume i s  estimated at between 7 km2 (2.7 mi2) (Figure 26) and 12.6 km2 
(4.9 mi2) (DOE 1991). DOE (1991) concluded that approximately 2% of the esti- 
mated CC1, inventory could be accounted for in the groundwater, but noted con- 
siderable uncertainty in the vertical profile of the contamination. Carbon 
tetrachloride levels up to 8100 ppb (Evans et al. 1990) 11600 times the MCL 
(5 ppb)] have been obserwed in well 299-W15-16, yet a companion well, 
299-W15-17, completed at the bottom o f  the aquifer, has yielded no detectable 
CC1,. No separate organic phase liquid CC1, has been detected. 
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FIGURE 26. CC1 Groundwater Plume in the 200 West Area (contour interval 
is $00 ppb) 
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Carbon Tetrachloride Concentration Trends 

CCl, Concentration Trends in Monitoring Wells Located Near 
the Margins o f  the CC1, Plume 
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Carbon Tetrachloride Concentratlon Trends 
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FIGURE 28. CC1 Concentration Trends in Monitoring Wells Located Near the 
Center o f  the CC1, Plume 
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The extent of contamination vertically within the unconfined aquifer is 
uncertain. Contamination appears to extend down at least 50 m within the 
aquifer in well 299-W15-6, yet no contamination is detected at the base of the 
aquifer in wells 299-6115-17 and 299415-22 (DOE 1991). The plume has been 
under limited observatioi since early 1986. During that time the western edge 
of the plume has spread, whereas other margins of the plume appear to be rel- 
atively stable. Figure 27 shows the time trend concentrations of CC1, in key 
welis monitoring the west, north, south,. and east margins of the plume, and 
indicates that concentrations have increased along the western margin of the 
plume in well 699-39-79. Some drop off is evident in wells 299-W15-10 and 11, 
whereas the highest meas ements observed (299-W15-16) have remained rela- 
tively constant at least over the 2-year monitoring period since that well was 
installed (Figure 28). 

the plume show no contzimination, even when analyzed by bigh sensitivity elec- 
tron capture gas chromatography methods that provide detection sensitivity to . 

more than three orders of magnitude below the MCL. 

The plume appears to e a sharp boundary. Samples from just outside . 

It will be extremely important to maintain long-term monitoring of CC1, 
in all accessible wells in the 200 West Area and immediate environs. 

Chloroform 

A sizable chloroform plume also exists in the 200 West Area near the PFP 
(Figure 29). Compared to the CC1, plume (Figure 24), a relatively small area 
is affected at concentration levels exceeding the 100 ppb MCL. The source o f  

s unclear. It i s  likely to as soci a ted w CC1, disposal , 
either as a degradation product. or source impurity (perhaps from the use of 
chlorinated water). The chloroform plume overlaps the carbon tetrachloride 
plume but is not exactly coincident with it. The chloroform plume appears to 
have two centers located close to the 216-2-9 and 216-2-18 cribs, whereas the 
CC1, plume is centered approximately 300 m due north of the 216-2-18 crib. 
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FIGURE 29. Chloroform Groundwater Plume i n  the 200 West Area (contour 
interval  i s  100 ppb) 
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yi trate 
Nitrate has been used historically at the Hanford Site in extremely 

large quantities for numerous applications. The use of nitric acid as a fuel 
dissolver reagent has resulted in disposal o f  large amounts of nitrate- 
containing process condensate to cribs and trenches. An extensive nitrate 
plume exceeding the MCL (45 ppm) extends beneath most of the 200 West Area 
(Figure 30). The large nitrate plume near U Plant is centered around the 
216-U-1 and 2164-2 cribs. Those cribs received in excess of 1000 tons of 
nitrate between 1951 and 1967. There is also a large nitrate plume covering 
most of the north end o f  the 200 West Area, probably resulting from T Plant 
operations. The small nitrate plumes located near Z Plant probably originate 
from the 216-2-1A or 216-Z-18 cribs. 
the CC1, plume (Figure 24). 

Ferrocvan i de 

In general, the nitrate plume overlaps 

A small ferrocyanide plume (measured as total cyanide) is present 
beneath the 200 West Area, apparently associated with T Plant waste containing 
ferrocyanide disposed to the T-26 crib and possibly to the 216-2-9 crib (Fig- 
ure 31). The maximum cyanide level observed was 115 ppb in well 299-W14-2. 

The chemical form of the cyanide is believed to be ferrocyanide. That 
conclusion is based on its known form of injection and limited laboratory 
studies using a special ion chromatography method; however, the 1 aboratory 
studies were somewhat inconclusive. An improved standard analytical method 
for ferrocyanide monitoring i s  still needed. 

Te_ChnetSum-99 

A sizable technetium-99 plume is present in the 200 West Area (Fig- 
ure 32). This plume originated from disposal f uranium recovery waste to the 
216-U-1 and 216-U-2 cribs from 1951 to 1967. he plume has since migrated 
eastward and i s  now centered beneath U Plant, with some extension to the east. 
Peak toncentrations of technetium-99 have ranged up to 41,000 pCi/L in 1989. 
The western edge of the plume overlaps with the CC1, and chloroform plumes. 
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FIGURE 30. Nitrate Groundwater Plume in the 200 West Area (contour 
interval is 100 ppm) 
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Cyanide Groundwater Plume i n  the 200 West Area (contour 
interval i s  5 ppb) 
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FIGURE 32. Technetium-99 Groundwater Plume in the 200 West Area (contour 
interval is 5000 pCi/L) 
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Iodine-129 

There is a large, low-level iodine-129 plume associated w i t h  the main 
REDOX process condensate plume (Figure 33). As w i t h  tritium, also associated 
w i t h  the same process, locally elevated concentrations of io,dine-129 are found 
near the source cribs a t  REDOX. There also appears t o  be a more diffuse plume 
centered under U Plant, extending to  the west near the PFP. 

plutonium 

One groundwater sample collected i n  May 1990 from well 299415-8 (Fig- 
ure 24) showed measurable plutonium (8.4 pCi/L). T h i s  observation has not yet 
been confirmed because of the temporary shutdown of the monitoring program; 
however, the well i n  question is  located on one corner of the 216-2-9 cr ib  
t h a t  received a large inventory of plutonium during i t s  operation (Table 1). 
More extensjve plu tonium monitoring i n  the 200 West Area i s  clearly needed. 

Uranium 

The highest uranium levels i n  Hanford Site groundwater occur i n  the 
200 West Area i n  wells adjacent t o  the inactive 2164-1 and 216-U-2 cribs 
(Baker et  a l .  1988). The plume is centered beneath U-Plant, extending north 
t o  T P lan t  and west t o  the PFP, overlapping with the CC1, and chloroform 
plumes (Figure 34). Uranium levels i n  the groundwater near U Plant range from 
2000 t o  3000 pCi/L and have been considerably higher over the pas t  5 years. 
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FIGURE 33. ' Iodine-129 Groundwater Plume i n  the 200 West Area (contour 
interval i s  5 pCi/L) 
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FIGURE 34. Uranium Groundwater Plume i n  the 200 West Area (contour 
interval i s  5 pCi/L) , 
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DISTRIBUTION AND DEGRADATION MECHANISMS 

An estimated total of 360 to 580 m3 (96,000 to 150,000 gal) of CCl, were 
discharged to the 216-2-9, 216-2-1At and 216-2-18 cribs, however, only about 
2% of this volume has been accounted for in the underlying aquifer. Three 
scenarios have been suggested to describe the fate of the CC1,. The first 
scenario assumes that CC1, has entered the vapor phase and has left the system 
via the atmosphere. The second assumes that CC1, remains in the vadose zone 
in either vapor, aqueous, and/or non-aqueous phases. The third assumes that 
CC1, resides in the unconfined aquifer in aqueous phase and/or in dense non- 
aqueous phase bubbles. Figure 35 illustrates the conceptual ired CC1, 
distribution based on a combination of these scenarios. 

I 

, 
The following sections discuss the pr ary factors controlling the dis- 

tribution and transport of CCl, in the vadose zone and groundwater, including 
the physical processes of downward and upward CC1, migration. Sediment 
interactions and microbiological degradation mechanisms are a1 so discussed. 

a BEHAVIOR IN THE VADOSE ZONE 
CC1, was discharged to the cribs as a mixed organic liquid phase and as a 

dissolved component in the- aqueous waste stream. In an organic 1 iquid phase, 
CCl, will move primarily in response to the organic liquid pressure gradient. 
As a dissolved component in water, CC1, will move in response to the water 
pressure gradient and by diffusion in water. To predict CC1, migration in the 
subsurface, pore-size distributions of the geologic media must be character- 
ized. O f  particular importance is the frequency and distribution of larger 
flow channels (i.es, large pore sizes, fractures, or manmade voids) in the 
underlying strata. Organic liquids, less easily adsorbed than water, will 
preferentially move in the larger flow channels. This may cause irregular and 

As liquid CCl, is dis urface, it begins moving into the 
subsurface air and water. Because of its high vapor pressure, CCl, will move 
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FIGURE 35. Conceptualized CC1, Distribution 
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into the gas phase more readily than other contaminants. The CCl, will move 
from a liquid state, (either a pure liquid or a dissolved component in water), 
to a gaseous state until the gas phase CCl, concentration reaches thermodyna- 
mic equilibrium with the liquid phase at the prevailing temperature and pres- 
sure. The CC1, will also move 'from an organic liquid phase to water and from 
the gas phase to water. 

As much as 0.95 kg (2.09 LBS) of CC1, is estimated to be contained in a 
cubic meter (35.31 cu ft) of gas at 25°C (77°F) (Falta et al. 1989). At 20°C 
(68.F) the vapor concentration of CC1, is estimated to be 0.80 kg/m3 
(0.05 lbs/ft3). The solubility limit of CC1, in water at 20-3O.C (68-86°F) is 
reported to be 0.757 kg/m3 (0.047 lbs/ft3) (Mercer and Cohen 1990). Note that 
the gas phase may contain as much or more CC1, than the aqueous phase per unit 
of fluid volume. These amounts are expected maximum values. Typically, 
lesser amounts are reported i n  subsurface sampling investigations, suggesting 
some rate-limiting mass movement. Nevertheless, the amount o f  CC1, in the gas 
phase will be at least as much as is in the aqueous phase according to Henry's 
Law constant for CC1, (Falta et a1 . 1989). 
Sediment Interact i on 

In addition to depending on -intrinsic physical and aqueous properties, 
the behavior of CCl, in the vadose zone will depend on the nature of its 
interactions with the sol id surfaces encountered. The sol ids supporting the 
greatest amounts of surface area are expected to be the layer silicate clay 
minerals, particularly smectite. On average, lesser amounts o f  calcium 
carbonate and iron oxide phases are expected to be present, but in certain 
stratigraphic units (e.g. , the P1 io-Pleistocene caliche layer) these surfaces 
may predominate. Other'surfaces may also be present as a result of the 
adsorption or precipitation o f  the alkyl phosphate complexing agents (TBP and 
DBBP) disposed along with the CCl,, and, the possible Precipitation o f  nitrate 
salts from the concentrated aqueous waste stream. The relative proportions of 
these various surfaces i n  the 200 West Area vadose zone are unknown and will 
require careful and thorough characterization if CC1, behavior in the vadose 
zone is to be adequately understood. 
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Because CC1, has no formal dipole moment and does not carry a charge, the 
interaction of CC1, with surfaces is expected to depend on London-van der 
Maals bonding. The forces involved are relatively weak compared to the 
Coulombic forces that operate on ions and molecules such as H,O that have 
substantial dipole moments. Consequently, the extent of adsorption of CC1, by 
hydrophilic surfaces (i .e. , charged surfaces and surfaces that have high 
dielectric constants and are consequently easily wetted by polar solvents) 
will be minimal when more competitive polar species, such as H,O, are present. 
Uncharged surfaces and surfaces with minimal dielectric constants, however, 
are less attractive to HZO, do not wet, and consequently are termed 
hydrophobic surfaces. It is to these surfaces that CC1, may adsorb, however 
weakly, because no attractive force besides the London-van der Waals force 
exists to make other species more competitive. The adsorption affinities of 
hydrophilic and hydrophobic surfaces for CC1, are weak and esssentially 
identical ; ions and polar molecules, however, have much stronger affinities 
for hydrophilic surfaces than CC1, and, consequently, adsorption of CC1, to 
these surfaces is diminished by competition with ions and polar molecules when 
they are present. 

Both hydrophilic and hydrophobic surfaces may be present in the vadose 
zone sediments and, in the absence of water or other polar compounds, would be 
expected to adsorb CC1, equally well. However, water vapor will be present in 
these sediments, especially near the water table, and thus some competition 
for sorption of CC1, on the hydrophilic surfaces will occur. 
the surfaces encountered in the sediments are expected to be hydrophilic, 
characterization of this competitive reaction in terms of sol id surface 
hydrophilicity and the relative vapor pressures of water, other polar species, 
and CC1, is needed. 

ion exchange capacity. The layer silicate clay minerals exhibit cation 
exchange capacities (CECs) ranging from essentially nil to about 200 cmol 
kg-’ arising from isomorphous substitution of ions in their structures. The 
CEC for a typical smectite, the dominant clay mineral in these sediments, 
would be in the 40- to 80- cmol kg” range and changes little with pH. Cation 

Because most o f  

One measure of the hydrophilicity of the solid surfaces is given by the 
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and anion exchange capacities for the calcium carbonate and iron oxide phases, 
however, are pH dependent and generally much lower. At the pH levels expected 
in these sediments (pH 7.5 9 8.5) ,  very low anion exchange capacities would 
occur. Thus, the layer silicate clay minerals would be expected to offer the 
most hydrophilic surfaces, followed by the carbonate and oxide minerals. 

Hydrophobic surfaces would include those created by adsorption or 
precipitation of the a1 kyl phosphate compounds. These compounds actually are 
surface-active agents, in that one portion of the compound (associated with 
the P-0 bonds) is hydrophilic and the other portion (associated with the butyl 
groups) is hydrophobic. The hydrophilic portion would be expected to 
‘coordinate with structural ions exposed at mineral surfaces (e.g., Ca in 
carbonates, Fe and A1 in layer silicates and oxides).. The orientation of the 
molecule would be such that a “new” hydrophobic surface would be formed by the 

oups. Given the large quantities of these compounds disposed along 
CCl,, it seems likely that significant hydrophobic surface area may 

have formed in the vadose zone sediments with consequent effects on retention 
However, in the absence o f  characterization data, this 

conclusion’ remains hypothetical. 

Downward Miaration 

The existenc of CCl, vapors in the vadose zone has been recently 
,- confirmed by Westinghouse Hanford. An estimated 680 kg (308 lbs) of CC1, 
vapors were extracted from the vadose zone during some vapor extraction tests 
(DOE 1991). The CCl, has also been measured in the underlying aquifer as a 
dissolved component of groundwater (Evans et a l .  1990, DOE 1991). To date, no 
liquid (organic phase) CC1, has been detected in the subsurface from any 
investigation. While it is currently unknown how CC1, traveled through the 
vadose zone and contaminate the groundwater, three possible pathways are: 
1) organic liquid phase CCl could have moved through a network of larger flow 
channels (i.e., preferred pathways) to the water table; 2) dissolved CCl, in 
the aqueous waste stream could have migrated to the aqulfer; and/or 3,) CCl, in 
the gas phase could have d downward to the 

an be made about c di stri but 5 ons, the 
distribution of flow cha 1 pores) in the vadose zone and under- 
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lying aqui fe r  beneath the disposal sites must be known. 
assume t h a t  CC1, i n  the vadose zone exists i n  subsurface gas and l i q u i d  phases 
and may be adsorbed t o  some extent  on s o l i d  surfaces .  

I t  is reasonable t o  

The most probable scenario f o r  CC1, reaching the water t a b l e  a s  a cont in-  
uous organic l i qu id  phase i s  t h a t  i t  t rave led  downward through l a r g e r  flow 
channels o r  preferred natural  o r  a r t i f i c i a l  pathways. If CC1, moved downward 
through the  subsurface i n  natural  porous geologic mater ia l ,  i t  would have t o  
pass through the Plio-Pleistocene u n i t  (ca l iche  l aye r )  t h a t  i s  cemented by 
CaCO, and assumed t o  a c t  a s  an b a r r i e r  t o  downward f l u i d  movement. Hence, 
fluids will pass through t h e  ca l iche  l aye r  only v i a  f r a c t u r e s ,  weakly cemented 
regions,  and/or de te r iora ted  areas.  Areas i n  the ca l i che  may have deteri- 
orated because the aqueous waste stream was very a c i d i c  (reported pH = 2.5) 
and could have dissolved the  ca l iche  cementing agent. 

The CC1, could a l so  reach the  groundwater through a r t i f i c i a l  pathways 
(i .e., unsealed boreholes) t h a t  penetrate the caliche 1 
encountered voids outs ide the casing of these unsealed boreholes i t  could move 
unimpeded t o  the underlying aquifer. Many such boreholes were adjacent  t o  the 
216-2-9 crib. Three vadose zone boreholes were constructed i n  1954, wells 
299-W15-82, 299-W15-84, and 299-W15-85 (Figure 3). The boreholes were drilled 
down t o  the  ca l iche  layer  and were located w i t h i n  15 m (50 f t )  of  the 216-2-9 
crib. More importantly, i n  1957, during the time CC1, was being discharged t o  
the 216-2-9 crib, a borehole penetrated the ca l i che  layer .  Well 299-W15-86, 
located less than 6 m (20 f t )  from the 216-2-9 crib, was d r i l l ed  t o  a depth of  
43.5 m (143 f t )  below ground surface,  which is  below the ca l i che  layer but  
above the water tab le .  Liquid CC1, discharged t o  t h e  c r i b  could have t rave led  
down voids outs ide  the casing of this borehole, passed through the ca l i che  
layer ,  may have reached the aquifer.  Two o the r  boreholes were drilled, well 
299-W15-5 i n  1957 and well 299-W15-6 i n  1959, t h a t  penetrated the c a l i c h e  
l aye r  and the aquifer .  Wells 299-W15-5 and 299-1515-6 were located 
approximately 80 m (260 f t )  and 34 m (112 f t )  from the 216-2-9 crib; i t  is 
possible  t h a t  l i qu id  CCl, t rave led  down the outs ide  of the boreholes- cas ings  
and contaminated the aqui fe r  since these  wells were not sealed while CC1, was 
being discharged. Once i n  the aqui fe r ,  l i q u i d  CC1, would begin t o  d i s so lve  
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i n t o  the groundwater. The r e l a t i v e l y  high concentrations of CC1, ( i  .e. , 
s ign i f i can t ly  g r e a t e r  than background l eve l s )  found deep i n  t he  aqui fe r  when 
sampling well 299-W15-6 (DOE 1991) could be the result of l i q u i d  CC1, having 
moved down this borehole. 

Because l i q u i d  CC1, is s i g n i f i c a n t l y  more dense than water (i.e., f l u i d  
. 

dens i ty  of 1.58 g / c d  (13.19 lbs /ga l )  f o r  CC1, versus 1.0 g/cm3 (8.35 lbs/gal)  
f o r  water),  CCl, will tend t o  move downward more v e r t i c a l l y  and less hori-  
zon ta l ly  than water. However, when CC1, encounters confining geologic l aye r s  
o r  preferred flow paths,  movement is primarily horizontal .  Because of  the 
tendency of CC1, t o  move downward, the amount of l i q u i d  CC1, discharged t o  the 
cribs may be compared t o  the volume of pore space d i r e c t l y  below the  cribs t o  
evaluate  i f  CC1, could have possibly reached the aquifer  a s  an organic l i q u i d  
phase. If the discharged l i q u i d  CC1, volume is a significant f r ac t ion  of the 
pore space volume beneath the cribs, then CC1, may have reached the aqui fe r  a s  
a l iqu id .  Such ca l cu la t ions  do not consider the forces  generating f l u i d  move- 
ment and a r e  the re fo re  a crude est imate .  

Assuming a subsurface poros i ty  of 0.3, t he  volume of pore space d i r e c t l y  
between the 216-2-9, 216-2-1A, and 216-2118 cribs and the aqui fe r  a r e  
approximately 2950 m3 (1 x 10' ft3), 53,000 m3 (2 x l o 6  f t3) ,  and 57,000 m3 
(2  x l o 6  ft3), respec t ive ly  (see Table 4) .  Comparing these f igures  t o  the 
estimated discharges of 83-300 m3 (3000-10,600 ft3), 170 m3 (6000 f t3) ,  and 110 
m3 (3880 ft3) of l i qu id  CC1, and assuming t h a t  the CCl, evenly distributes 
itself throughout the pore space, the subsurface CC1, contents  under the 
219-2-9, 216-Z-1A and 216-2118 cribs a r e  0.10, 0.003 and 0.002, respec t ive ly .  
Note t h a t  only under 216-2-9 crib is the estimated l i q u i d  CC1, content higher 
t h a n  a neg l ig ib l e  value. Note a l s o  t h a t  these ca l cu la t ions  use the upper 
es t imate  of CC1, discharges t o  the 216-2-9 crib an assume t h a t  CCl, could 
pass through the ca l  i che 1 ayer  . 

As an organic  l i q u i d  such a s  CC1, move hrough porous media, some of  i t  

ous and immobile (i.e., held s t rongly  by 
s tays  behind as most o f  the f l u i d  continues t o  move on. 
t h e  portion left behind is' d i scont  
c a p i l l a r y  forces) .  Th i s  mount  is frequent ly  referred t o  a s  a residual  s a t -  
uration. Typical reported values for residual  s a tu ra t ions  range from 0.1 t o  

I t  is assumed t h a t  
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JABLF 4. Crib Pore Volume and Estima-ed CC14 Contents 
CC14 V o l m  Depth C C l  Content I f  

Crib2Area Depth t o  GW  PO;^ ySjume 0 i schgrged t o  Caliche Even& Distributed 
Crib Yidth In) Lensth Im)  (m 1 In) 0 (m 1 (n) (bl 

83-300 22 (72 ft) 0.10 59 2*9ry 3 216-2-9 9.1 18.3 166 
(30 ft) (60 ft) (1,786 f t 2 )  (194 ft) 1.04 x 10 ft ) (3,000-11.608 ft3) 

(115 ft) (275 f t )  (31.600 ft2) (197 ft) (1.87 x 10 ft ) (6,000 ft3) 
U h) 216-2-1A 35 84 2948 60 52.90g 170 21 (69 ft) 8.003 

216-2-18 4 C 3 4 C 63 3024 63 57.15g 110 18 (59 ft) 0.002 
(4 C 10 ft) (4 Q 207 ft) (32.500 f t 2 )  (207 ft) (2.02 x 10 ft ) (3,880 ft3) 

(a) Assumlng porosity of 0.3. 
(b) Using upper estimate of 300 m3 (11,608 ft3) discharged. 



over 0.4 (Mercer and Cohen 1990). Using 0.1 as a residual saturation 
estimate, and assuming the highest estimate for 216-2-9 Crib CCl, discharge, 
indicates that only 216-2-9 crib received enough liquid CC1, discharge to 
result in organic liquid, phase CCl, being present at the residual saturation 
down to the aquifer. These calculations show it is improbable that CCl, 
reached the aquifer as an organic liquid phase driven under its own pressure 
gradient. However, these calculations do not account for any CCl, that may 
have concentrated in a small area (i.e.,.preferred flow paths) and could have 
passed through the caliche layer, (e.g., travel down the outside of unsealed 
boreholes). 

. 

Another possible mechanism for organic 1 iquid CC1, reaching the water 
table is by movement as an emulsion. During some discharges, a mixture of 
waste water and CC1, were disposed to the cribs and an emulsion of CC1, and 
water may have formed. The CC1, globules nay have been small enough to be 
transported with the waste water as It migrated through the subsurface. The 
volume of aqueous discharges were such that small organic phase CC1, globules 
could have reached the water table, provided there were passages through the 
caliche layer. Most o f  the liquid waste was aqueous. However, the CCl, 
globules in the waste emulsion may have.coalesced in the subsurface and 
resisted further downward movement. The movement of oil-water emulsions in 
porous media is not well-understood and difficult to predict. 

Aqueous djscharges that followed 1 iquid CC1, discharges did not necessar- 
i1.y move liquid CC1, toward the aquifer 
moving downward through the subsurface will also push organic liquid downward. 
However, the movement of organic liquid by water depends on many factors, 
especially the extent of interfacial tensions and the state of the organfc 
liquid within the soil pores. Little is known of these factors during the 
time of the discharge Unless the interfacial tension between 1 iquid CCl, 
and water was reduced 
CC1, would be minor. No boratory investigations have been conducted to 
address this phenomenon. 

some becomes trapped by water. The amount of organic liquid that becomes 

It may be conjectured that water 

gnificantly in the aqueous discharges, the movement of 

pically, as water displaces organic liquid from 
res, some organic liquid moves in response to the water movement and 
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trapped by water and consequently becomes immobile can range from 0.15 to 0.50 
(Wilson et al. 1990). Since the majority of the liquid CC1, was discharged in 
small batches that were preceded by, and followed by, continued aqueous 
discharges, it is unlikely that liquid CC1, was displaced to any significant 
extent by the aqueous discharges. 

Dissolved CC1, in water may have also reached the water table. CC1, dis- 
solved in water moves in the subsurface in response to water pressure gradi- 
ents and by molecular diffusion. Because of the tortuous nature of the soil 
pores and the low water content of the vadose zone at Hanford, molecular dif- 
fusion would contribute negligibly to the net downward movement of CC1,. An 
upper estimate of the natural downward water and dissolved CC1, flux can be 
determined by assuming that the recharge rate to the aquifer is equivalent to 
the precipitation rate of 0.16 m/yr (6 in./yr). At this downward rate, 
assuming an average water content in the vadose zone of 0.10, the travel time 
would be approximately 35 years. .This calculated travel time assumes that the 
cemented caliche layer would not impede the downward movement of CC1,. How- 
ever, the large aqueous discharges to the cribs would increase water pressure 
gradients and the amount of subsurface water beneath the cribs. The larger 
pressure gradient would provide a greater force to drive the water downward 
faster, and the higher water content would distribute the water in larger flow 
channels. 
percolation pond in an area similar to the disposal cribs suggest that, under 
saturated or near saturated conditions, water could travel from the surface to 
the water table in a period of months, not years. The simulated conditions 
were similar to conditions that would be associated. with large aqueous dis- 
charges to the cribs. It is difficult to predict the downward CC1, flux rate 
as an organic liquid and as dissolved in the aqueous phase without numerical 
models that consider all of the relevant transport processes, and detailed 
records of subsurface conditions at the time of the discharges. The numerical 
models are still in an early stage of development and detailed records of the 
subsurface conditions are sparse. 
aqueous discharges would accelerate the downward movement of dissolved CCl,, 
but not necessarily the downward movement of organic phase liquid CC1,. 

Preliminary simulations of water infiltration from a hypothetical 

It is important to note that the large 
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CC1, can also be transported by the gas phase. Because of its high vapor 
pressure, CC1, molecules will move from an organic liquid phase and from a 
dissolved state in the aqueous phase to the gaseous phase. Once in the gase- 
ous phase, CC1, molecules can move in response to several different mechan- 
isms; by advective gas phase movement, by diffusional processes, and by gas 
phase density differences. Advective gas flow is caused by gas phase pressure 
gradients and diffusion occurs because of chemical concentration differences. 
Advective and diffusive movement ca be upward or downward; the gravity-driven 
flow of vapors more dense than ambient 'vapors will be primarily downward. 
Density-driven gas flow occurs because of differences in vapor densities. The 
density of vapors containing CC1, molecules could be as high as 1.65 times 
that of natural subsurface vapor (Falta et a1 . 1989); CC1, vapors could have 
moved downward by density-driven .gas flow in the larger flow khannels ,where 
this phenomenon is significant. Once at the water table these vapors would 
diffuse into the groundwater, there by contaminating it. 

UDward Micaration 

The natural proce CCl, vapors can escape the subsurface are 
fluctuations in atmosp 
sion. The existence of wells in the area is assumed to contribute negligibly 
to the movement of CC1, vapors to the atmosphere because 1) wells typically 
have temporary or permanent caps and 2) the surface area of the boreholes in 
contact with the subsurface geologic material containing vapors (i .e:, 
unsealed or perforated well pipe sections) is minuscule compared to the area 
of subsurface contamination. 
vapors out of the subsurface to the atmosphere, gas pressure variations at the 
soil surface and in boreholes must be known, 

es (i .e. , atmospheric pumping) and diffu- 

To estimate the potential movement of CCl, 

nducted simulations of CCl, ovement in the gas 
phase. The results of omputer simulations show hat as the perme- 

eases, densi ty-d ven vapor flow becomes more 
effects of diffusJon to the 

point that there ement 'of CCl, vapors. Under 
these conditions, cted that the loss of CC1, vapors to the atmos- 
phere will be negligibl 

-driven gas flo 

e of the low liquid content near the ground 
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surface and the sandy nature of the geologic strata at Hanford, permeabilities 
adjacent to the cribs are assumed to be large enough so that density-driven 
vapor flow will dominate, suggesting that only a negligible amount of CCl ,  
discharged to the cribs would be lost to the atmosphere by natural processes. 
Furthermore, the mivement of vapors out of the subsurface by atmospheric pump- 
ing will likely only affect the upper regions of the subsurface. Considering 
the volume and pattern of the aqueous discharges to the cribs, it is reason- 
able to assume that the bulk of the CC1, would be located deeper where atmo- 
spheric pumping would have a negligible effect. 

pewadat i on 

Microorganisms in the subsurface can degrade or alter the mobility of 
contaminants. To predict degradation by microorganisms, information about the 
types o f  organisms present in the subsurface and their in situ metabolic 
activity must be known. At the Hanford Site, several recent investigations 
were conducted to obtain basic information regarding the distributions, func- 
tions and types of microorganisms in the uncontaminated subsurface. This work 
was sponsored by the Subsurface Science Program of the U.S. Department of 
Energy. 

During 1990 and 1991, samples were obtained from two vadose zone loca- 
tions on the Hanford Site. An objective of the sampling investigations was to 
evaluate indigenous organisms of undisturbed sites. 
samples indicated that culturable microorganisms are present in the subsur- 
face. Their populations, however, were relatively small and appeared to be in 
a dormant state. 

Investigations of the 

The metabol ic activity o f  the microorganisms was evaluated by adding 
glucose to the cultures and observing the rate at which carbon mineralized. 
The results revealed low mineralization rates, implying that the organisms 
were in a dormant state. This is not surprising considering the lack of mois- 
ture at the Hanford Site. Amendments were added to some of the cultures to 
stimulate microbial activity. Analyses of these data suggest that microbial 
metabolic activity in the vadose zone sediments could be enhanced for the 
purpose of bioremediation by adding exogenous nutrients. 
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There is limited current information on the microbiology at the Hanford 
Site. The capacity of the indigenous microorganisms to degrade specific 
organic contaminants or transform metals and radionuclides is unknown. 
earlier study, denitrifying bacteria from a groundwater sample was isolated 
and shown to be capable o i  degrading CC1, under denitrifying conditions when 
supplied with an exogenous electron donor such as acetate. CC1, is believed 
to be degraded by microorganisms anaerobically. There does not appear to be 
any aerobic degradation of CCl,. Because the vadose zone is largely aerobic, 
it is questionable whether CC1, will be degraded naturally in the vadose zone. 
More investigations are needed to develop estimates of CCl, degradation rates 
in the subsurface. It may be possible that under appropriate conditions, CCl, 
may be anaerobically degraded in the vadose zone. 

In an 

BEHAVIOR IN GROUNDWATER 

In the 200 West Area, the plume of groundwater CCl, contamination with 
concentrations greater than 5 ppb covers a. surface area of approximately 7- km2 
(2.7 mi2), as shown in Figure 26. These contaminant concentration profiles 
are devel oped by interpol ati ng among groundwater we1 1 measurements. DOE 
(1991) estimated a larger contaminated area of approximately 12.6 km2 
(4.9 mi2). Assuming that the contamination extends to 10 m (30 ft) below the 
groundwater surface, DOE (1991) estimated between 5,250 (11,600 lbs) to 
15,740 kg (34,700 lbs) of CCl, to be in the aquifer beneath the 200 West Area. 
Surprisingly, this amount is less than 2 percent of the 2.7 to 4.4 million kg 
(1.2 to 2 million lbs) of CC1, estimated to have been discharged to the 
disposal cribs. These figures support the concept that the majority of the 
discharged CC1, wastes are still entrained within the vadose zone as previ- 
ously suggested. Exceptions could be if 1) liquid CC1, moved downward to the 
base of the aquifer where it has not yet been detected, or 2) monitoring and 

~ site characterization activittes have yet to locate other areas of high CC1, 
contamination. However, the upper part of the aquifer has been relatively 

haracterized by me nt's in existing wells scattered throughout the 
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The CC1, can move in the aquifer by several mechanisms. If a pool of 
organic liquid CC1, exists, it can move in response to its own pressure 
gradient. 
density is approximately 1.58 times that of water. 
CC1, must first displace water from the fiow channels in order to move 
spatially as an organic liquid. This requires that a threshold pressure 
difference between liquid CC1, and water is surpassed. The magnitude of the 
pressure difference across phase boundaries (capi 11 ary pressure) is governed 

It may also move downward through the aquifer because its liquid 
In either case, the liqu d 

by the flow channel size distribution of the geologic strata containing liquid 
CC1, and water. The smaller the flow channels, the larger the required 
threshold capillary pressure will be. 
outside the unsealed casings o f  some boreholes, liquid CC1, may sink to the 
bottom without having to overcome a threshold pressure difference. 

In large flow channels, such as those 

If liquid CC1, in the aquifer is not in a pool but exists as small dis- 
persed globules, its mobility is severely restricted. The liquid CC1, phase 
is no longer continuous and does not possess a pressure gradient to move it. 
Typically, the small dispersed globules are relatively immobile in porous 
media when they are larger than the small passageways connecting larger pore 
bodies (such as those found in geologic materials with spherical grains). 
Globule immobility in aquifers is well-documented in petroleum literature 
(Willhite 1986). Dispersed liquid CC1, globules can develop after the passage 
o f  a continuous pool of liquid CCl,, or as water displaces liquid CC1, from 
flow channels as would occur if the water table rose or the subsurface water 
content increased. Globules can also form in the vadose zone; because they 
are relatively immobile, it is difficult to cleanup such subsurface con- 
tamination without injecting chemical agents to dissolve them. This contam- 
ination has the long-term potential for hazardous chemicals- to dissolve into 
the groundwater. Further study of the behavior o f  CC1, globules in porous 
media is needed to better understand the mechanisms that can be used to reduce 
the long-term hazard. 

As a dissolved component in water, CC1, molecules can move with the 
groundwater flow pattern, in contrast to organic phase CC1, movement, caused 
by a pressure gradient. When dissolved CC1, moves with the groundwater flow, 
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it spreads throughout the subsurface by advective water movement, by molecular 
diffusion, and by hydrodynamic dispersion (Hillel 1980). Spatial differences 
in water pressures cause advective water movement, random thermal motion 
contributes to molecular diffusion, and the microscopic variability of flow 

. velocities in fiow channels cause hydrodynamic dispersion. All three of these 
processes contribute to the spreading of CC1, contamination in the aquifer. 

Factors that affect the shape of the contaminant plume are subsurface 
hydrologic conditions (e.g., hydraulic properties of the aquifer, flow 
velocities), geochemical processes (e.g., chemical interactions, fluid/sol id 
reactions), and biological phenomena. Several important hydraulic properties 
also must be known to accurately predict contaminant migration. These include 
anisotropy (i .e., changes in directional properties) and variability in 
hydraulic conductivity, dispersion, and effective porosity. These hydraulic 
properties have not been well -characterized for the various hydrogeologic 
strata composing the unconfined aquifer. .Most existing data are limited to 
single-well lateral hydraulic conductivities (i.e., averaged values), and to a 
small number of laboratory core analyses for vertical conductivity and total 
porosity. More characterization of the spatial variability of hydraulic 
properties i s needed. - 

While subsurface hydrologic conditions largely control the physical 
movement of the contaminant plume, chemical processes can exert a significant 
influence in the attenuation of contaminant concentrations. Such important 
chemical/geochemical phenomena include the adsorption of chemical complexes on 
sol id surfaces; chemical complexation with other discharged wastes that affect 
their mobility; chemical degradation; interphase transfer of contaminants from 
a pure-phase to water and air, and vice versa. Chemical process rate coef- 
ficients must be measured to predict these phenomena, which may be a function 
of pH, redox potential, contaminant ,concentration, cosolvents, and other 
factors. Currently, the effect of these factors on CC1, behavior in the 
subsurface is unknown; controlled field and laboratory tests must be conducted 
to assess them. 
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PREDICTIVE MODELING 

The primary purpose of predlctive modeling is to bring together results 
from theory, characterization, experiments, pilot tests, and field history, 
and to project them into the future. It is called "predidtive' to imply an 
exploration of possible effects and a1 ternatives in process design. Predic- 
tive modeling seeks to provide answers such as where to drill a well next, 
which remediation process is better than another, or which parameter is 
critical and which is minor. 

Modeling is used to establish baseline performance evaluations and 
safety analyses for field projects. Safety is a special concern for the VOC 
Arid ID since the cribs which received CCl, waste also received radioactive 
waste. This raises a concern for the fate of fluids introduced during any 
remediation process. Also, because of VOC phase behavior, vapors not ade- 
quately contained by well pattern and vapor extraction process design could 
continue to contaminate the groundwater; Understanding the current vapor 
extraction remediation process being used in the ERA (DOE 1991) enables a 
comparison of cost, efficiency, and effectiveness of alternative technologies. 

Predictive tools are used as part of characterization to identify prin- 
cipal or controlling factors. Analyses can then concentrate on these impor- 
tant aspects to make the best use of resources. Modeling and simulation can 
also be used to extract infomation from system performance, adding to char- 
acterization work already completed. The evolving conceptual model will be 
used to design future well placement, sampling and testing. 

remediation processes and chemical manipulation in the subsurface environment. 
A simulator has been developed and is being applied on several projects to 
reliably predict flow and transport for non-isothermal systems where VOC phase 
behavior (e.9., volatility of CCl,)  is present. The Predictive Tools for Sub- 
surface Systems project will support further development and integration of 
these tools to provide a simulator with multiprocess support. The project 

' 

Current modeling or simulation efforts are concentrated on in situ bio- I 
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will also apply these tools to performance evaluation, monitoring, safety 
analyses, and characterization for the VOC Arid Site Integrated Demonstration. 

Critical data for predictive modeling include capillary pressure, poros- 
ity, permeability, relative permeability, agd phase behavior. 
sure, relative permeability and phase behavior usually must be measured for 
the specific site (although they are often estimated from experiments in the 
1 iterature) . 
point in space for the region of interest. 
directional, and three values are needed for every point (non-isotropic). 
Only a few holes are drilled, so a conceptual model must be built from geolog- 
ical information, field tests and simulations to provide realistic values for 
these points. These will not be exact; a system is needed that is complete 
enough to exhibit field scale phenomena, to make projections and differentiate 
between competing alternatives and processes. As more data are acquired, the 
conceptual model is updated. Modeling and simulation are not delayed when new 
data are lacking; valuable work can still be done toward future data 
acquisition. 

Capillary pres- 

Porosity, permeabi 1 5  ty and other parameters are needed for every 
For example, permeability is 

i 
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REMEDIAL ACTION ALTERNATIVES 

The successful remediation of this site is dependent on a thorough 
understanding of the complex physical, chemical and microbiological mechanisms 
control 1 ing the movement and degradation of CC1, and its accompanying contami - 
nants. DOE (1991) has selected vapor extraction as the proposed remedial 
alterative for an Expedited Response Action to reduce the CC1, contamination 
in the vadose zone. This selection was based on the conceptual model that 
most of the CC1, remained in the vadose zone and was in the vapor phase. 
Besides vapor extraction DOE (1991) also looked at no action and institutional 
control a1 ternatives, various alternatives for containment (ground freezing, 
slurry trench/wall), and other alternatives for collection (excavation, soil 
flushing, 1 iquid product extraction), and treatment (biological, physical). 
Potential remedial alternatives that are being considered for demonstration as 
part of the VOC-Arid ID program include in situ heating and corona destruc- 
tion, and heat-induced passive VOC retrieval. 

The selection of appropriate remedial processes (containment, extrac- 
tion, and/or insite treatment) requires a knowledge of the distribution, 
physical and chemical behavior of the contaminants, and a thorough under- 
standing of the site characteristics. The most important site characteristic 
that affects the performance of remediation technologies is the orientation 
and distribution of subsurface pore spaces. 
that Contaminants and nutrients to enhance biodegradation move. The total 
volume o f  these pore spaces determines the mass density or porosity of the 
subsurface. Furthermore, the amount of water and/or cohtaminants retained in 
a porous medium is strongly affected by the pore structure. Several soil and 
hydraulic properties are correlated to the size distribution of pore spaces. 

Variability in pore structures often determines whether water and/or 
contaminant/migration will be smooth and predictable or uncertain. An example 
of the affect of pore structure on remediation activities is soil vapor extrac- 
tion. Because vapor in the subsurface will be primarily contained in the 
larger flow channels, the efficiency o f  a soil vapor remediation system may be 
significantly reduced if a few of these larger flow channels (e.g., old root 

It i s  through these pore spaces 
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channel s, animal burrows, unsealed boreholes, cl ast i c dikes) connect the 
subsurface t o  the surface. 
flow would occur through these larger flow channels, bypassing the contami- 
nated area of concern. Identifying areas where larger flow channels are 
likely t o  exist will be important i n  developing a remediation strategy. 

Under this scenario, the majority of the vapor 

Other s i t e  characteristics t h a t  affect the efficiency and performance of 
remedi a t  ion techno1 ogies incl ude pa r t  icl e-size d i  stri butions, water content 
distributions, mineralogy, organic content of the soils, thickness of the 
unsaturated zone, and aquifer thickness. Heat conduction through a porous 
medium will largely depend on the amount of mineral grain contact, which is a 
function of particle-size and pore space dis t r ibut ions,  and the water content. 
The subsurface i s  less efficient i n  conducting heat when i t  is dry; the drier 
i t  i s ,  the greater the energy required t o  heat a u n i t  volume of the subsur- 
face. The success of remedial heating may depend on knowing the water content 
of the subsurface. 
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CONCLUSIONS 

Volatile organic chemical contamination at the Hanford Site has resulted 
in a multiphase, multicomponent system that presents significant challenges in 
remediation, modeling, and simulation. Besides the already formidable problem 
of spatial variability in hydraulic properties, CC1, was disposed with acids, 
oils, fats, etc. The flow, transport, and phase behavior characteristics for 
these unique chemical combinations must be ascertained specifically for the 
geologic materials at the demonstration site. 

The current subsurface distribution of CC1, at the demonstration site is 

Because 
unknown; however, it is assumed that the majority of the CC1, discharged to 
the disposal cribs is still in the subsurface, even after 30 years. 
of density-driven vapor flow effects and the assumption that CC1, has not been 
degraded significantly by subsurface microorganisms, there do not appear t o  be 
any major mechanisms by which CC1, could have escaped the subsurface. The 
mechanisms by which CC1, contaminated the groundwater are not very clear. 
CC1, could have been transported to the water table in the gas phase via 
density driven vapor flow, in water as a dissolved component, and as an 
organic liquid phase if emulsified flow and/or natural or artificial preferred 
fl ow paths occurred. 

The movement of CC1, and other volatile organic contaminants in the 
subsurface is very complex. A thorough understanding of this problem is 
essential to the selection of appropriate remedial technologies. The effec- 
tiveness of these technologies depends on knowing where the contaminants are, 
how they are held up in a given physical and chemical subsurface environment; 
and the physical, chemical, and microbiological changes induced by the various 
remediil technologies. 

Among the questions still unanswered at the demonstration site are 
1) how has the complex chemical makeup of the waste affected the behavior of 
CCl,, 2) what is the form o f  the CC1, in the vadose zone and ground water, 
3) did the CCl,, lard oil, and other organics form an emulsion which was 
carried along with the water, 4) what is the significance of CC1, vapor phase 
movement in contaminating the groundwater, 5) how do dispersed globules of 
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organic liquid CC1, behave in the vadose zone and groundwater, 6) what are the 
flow channel size distributions of the subsurface geologic strata, and 7) are 
large preferred pathways present which would permit organic liquid phase flow 
to occur? Future site characterization efforts should address these concerns. 
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