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Summary 

The BC cribs and trenches in Hanford's 200 Area are believed to have received about 30 Mgal of 
scavenged tank waste containing an estimated 400 Ci of9'1yc as well as large quantities ofN�- and 238U. 

Owing to the potential risk, remediation is being accelerated at this site. Developing an effective 
remediation plan and evaluating remedial options requires a detailed analysis of fate and transport for this 
site and such an analysis nrust rely on numerical modeling. The purpose of this work was to develop a 
conceptual roodel for contaminant fate and transport at the 216-B-26 Trench site to support identifying, 
developing, and evaluating remediation alternatives. 

In developing the conceptual model, the presence of large concentrations of9'1yc high above the water 
table implicated stratigraphy in the control of the downward migration. The resulting conceptual model 
therefore included 1) small-scale stratigraphy and changes in physical and chemical properties, 2) tilted 
layers to acconunodate the natural slope to the formation, and 3) lateral spreading along mtltiple strata 
with contrasting physical properties. Flow and transport properties were derived using pedotransfer 
functions coupled with high-resolution neutron moisture logs on a on a vertical scale of 0.076 m 
Heterogeneity in the longitudinal and transverse horizontal directions was incorporated by using 
geostatistical methods to overlay the spatial correlation structure from the well-characterized 299-E24-
111 test site. Two approaches were used to corq:,are the no-action and capping remedial alternatives. The 
first approach, based on a sin1>le analytical convolution solution to the convective-dispersive equation, 
�sumed steady flow and allowed for spatially averaged water content. This approach was corrbined with 
the EPA's soil screening protocol to calculate soil screening levels (Tables S l and S2) and contaminant 
concentrations reaching hypothetical receptors down gradient of the site. In the second approach the 
STOMP simulator was used to predict contaminant transport through the vadose zone and into a 5-m 

thick confined aquifer during transient m.iltidimensional flow. 

Both modeling approaches show that leachate concentrations reaching the water table would exceed the 
MCLs under the no-action alternatives with recharge rates of 25 and 3.5 mm'yr. Soil screening levels 
were exceeded under the no-action alternatives and concentrations of mobile contaminants reaching 
hypothetical receptor wells consistently exceeded the MCLs (Table S3). Owing tn the large inventory of 
99yc and N�-. the high mobility of the two contaminants, and the long half life of'»-rc, additional 
measures appear necessary to meet the appropriate soil screening levels. In this respect, on-site capping 
was evaluated. Both modeling approaches show capping to be an effective technology for remediating 
the site. Capping successful removed the threat to ground water through a reduction in mass flux to the 
water table and an increase in residence time in the vadose zone. Consequently, soil screening levels 
increased and concentrations reaching down-gradient receptor wells declined below the MCLs with three 
hypothetical caps designed to limit recharge to 0.5, 0.1, and 0 mmyr. A summary of arrival times and 
concentrations at the water table and receptor wells is provided in Table S3. 
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Table St. Soil Screening Levels for "Tc as a Function of Recharge 
Rate and Distance, L, to a Receptor Well 

Soll Screening Level (pCi/g) 
L=l m L=lOm L=lOOm L=lOOOm 

4.50E+oo 1.37E+Ol 4.29E+Ol 1.35E+o2 

3.07E+Ol 9.68E+ol 3.05E+o2 9.62E+o2 

2.14E+-02 6.73E+o2 2.13E+-03 6.73E+o3 

l.07E+03 3.37E+-03 l.07E+-04 3.32E+04 

Table S2. Soil Screening Levels for No3· as a Function of Recharge 

Rate and Distan� L, to a Receptor Well 

Recharge 
Rate Soll Screening Level (mg/g) 

(mm'yr) L=l m L=lOm L=lOOm L=lOOOm 

25.0 5.00E-02 1.52E-Ol 4.76E-Ol l.50E+OO 

3.5 3.41E-Ol 1.07E+oo 3.39E+oo 1.07E+ol 

0.5 2.37E+oo 7.48E+oo 2.371!+-0l 7.48E+Ol 

0.1 l.19E+ol 3.74E+Ol 1.12E+o2 3.69E+o2 
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Table S3. STOMP-Predicted Arrival Times and Concentrations at the Water Table and a 
Hypothetical Receptor Well Located 100-mDowngradient of the Trench Site 

Recharge Flnt 
Point of Rate Anival 

ComDUance Solute (mm'vr) (yr) 
119Tc 25.0 2118.67 
99Tc 3.5 2353.67 

9')Tc 0.5 2660.19 

�c 0.1 2740.01 

Receptor �c 0.0 2761.24 

Well 
N03· 25.0 2105.77 

NOi 3.5 2237.17 

N03- 0.5 2263.83 

N�- 0.1 2266.29 

N�- 0.0 2266.86 

�c 25.0 2095.13 
99Tc 3.5 2127.68 

�c 0.5 2128.40 

�c 0.1 2129.02 

Water Table 
�c 0.0 2129.05 

N�- 25.0 2084.37 

N�- 3.5 2100.12 

N�- 0.5 2100.59 

NO; 0.1 2100.64 

N�- 0.0 2100.65 

NA-not achieved by the end of the sirnnlatiOtL 

MCL 
Arrival 
Time 
tvrl 
2142.46 

2600.40 

NA 
NA 
NA 

2125.80 

2420.39 

3640.35 

NA 
NA 

2113.36 

2199.60 

2205.42 

2206.46 

2206.59 

2100.97 

2146.82 

2148.88 

2149.07 

2149.12 

V 
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Mean 
PeakAITival Peak Arrival 

Time Concentration Time 
tvrl (pCi/L) (yr) 
2228.50 2.09E+o4 2227.24 

2991.50 3.15E+o4 2977.98 

5975.00 4.58E-+02 5857.26 

3573.00 1.15E+o2 7034.05 

3441.00 1.09E-+02 >8000.00 

2228.50 1.09E+o3 2227.23 

2991.50 1.65E+o2 2978.11 

5982.00 2.43E+0l 5865.82 

3590.50 6.02E-t00 7062.64 

3453.50 5.74E+OO >8000.00 

2228.31 3.68E+o5 2228 

2991.31 3.83E+o5 2991 

5974.30 3.88E+o5 5974 

>12005 3.84E+o5 >8000 
>12005 4.1 lE+oS >8000 

2228.31 1.93B+o4 2227.24 

2991.31 2.01E+o4 2977.98 

5982.31 2.06E+o4 5857.26 

>12005 2.07E+o4 7034.26 

>12005 2.22E+o4 >8000 
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1 .0 Introduction 

The BC cnbs and trenches form a group of liquid waste disposal sites located south of the 200 East Area of the Hanford Site. This .group of disposal sites includes 28 waste sites from the 200-TW-1 operable unit, 4 waste sites formerly in the 200-L W-1 operable unit, and 2 unplanned release waste sites from the 200-UR-1 operable unit. The 200-TW-1 operable unit waste sites received scavenged waste from the uranium recovery process and the ferrocyanide processes at the 221/224-U Plant, which recovered the uranium from the metal-waste stremm at the B and T Plants. The former 200-L W-1 operable unit waste sites received liquid waste from 300 Area laboratory operations and from a 1965 disruption at the Plutonium Recycle Test Reactor. Significant amounts ofradionuclides, including uranium, plutonium, and fission products, were released to these waste sites. 
Waste discharges to this site contnbuted perhaps the largest liquid fraction of contaminants to the ground in the 200 Areas. The 200-TW-1 OU waste sites in the BC cnbs and trenches area received approximately 30 Mgal of scavenged tank waste, with possibly the largest inventory of �c ever disposed to the soil at Hanford There is no evidence of contaminants in the groundwater, and because of uncertainty about inventory, it was unknown whether the contaminants were still in the vadose zone. There was, however, evidence of surface contamination attnbuted to animal intrusion in one of the 200-TW-1 OU waste sites. The 216-B-26 Trench was recently characterized to augment existing inf orrnation and to reduce uncertainties related to geology and contaminant distnbution and to support an accelerated cleanup schedule. Data from the 216-B-26 characteriz.ation provided significant insight into the spatial distnbution of contamination in the vadose zone. Much of the contamination is now known to still be in the vadose zone, thereby posing a possible long-term source for groundwater contamination Owing to the potential risk, remediation is being accelerated at the BC cnbs and trenches area and the associated BC controlled area. Developing an effective remediation plan and evaluating remedial options require detailed analysis of fate and transport for this site. Such an analysis rrwst rely on numerical modeling. 
Historically, liquid-waste disposals to the ground at the U.S. Department of.Energy's (DOE's) Hanford Site have relied on models to predict the fate and transport of chemicals discharged in the liquid effluents. Early models used for discharge calculations were relatively SUJ1)1e and based on the concept of specific retention. They typically assumed that the waste discharges would move readily into the vadose zone (i.e., zone between the land surface and the groundwater table) and be retained by the sediments. It was asswned that the recharge was negligible under the hot, dry conditions typical of Hanford While it was recognized that lateral spreading of contaminants could take place, it was typically ignored in the calculations of specific reten�on Observations of subsurface contaminant distnbutions show significant discrepancies from predictions from simple models. 
Recent groundwater-monitoring data suggest that contaminants associated with liquid discharges and tank leaks are in the gr01mdwater beneath some waste sites at Hanford Yet, at other sites that received similar volumes of effluent discharges of similar chemical composition and exposed to identical meteorological conditions (e.g. rainfall and snowrnelt), contaminants are high above the water table in the vadose zone. A striking cxaiq>le is the difference between the SX tank farm and the BC cnbs and trenches area. Tank SX-1 15 is reported to have leaked approximately l .90· 106 L (50,000 gal) of reduction-oxidation (REDOX) high-level liquid waste in 1965 (Hartman et al. 2004). Although the exact source is unknown, 1 . 1  G-1 
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99Tc at concentrations over 75,000pCi L-1 were recently reported for a monitoring well near SX-115 (Hartman et al 2004). In contrast, some 3.686· 106 L (9.737 x 106 gal) of supernatant fluid containing 128 Ci of �c were discharged to seven trenches over a period of about 1.5 years in the BC cnl>s and trenches area, yet there is no evidence of groundwater contamination from the cnbs or trenches. The current distnbution of99-y'c in the vadose zone beneath 216-B-26 is therefore not easy to explain using current conceptual models. Recent SclJ11)ling at the 216-B-26 Trench shows a zone of�c contamination between 18 and 53 m The peak soil concentration is exceeds 100 pCi/g while the pore water concentration is approximately l .4· 106 pCi/L, both at a depth of about 30 m 
Existing conceptual models often ignore small-scale stratigraphy and assume that the porous media to be hornogenous and isotropic. Sinmlations with these models suggest that migration of waste specific retention trenches was rapid and vertical with mobile contaminants reaching the unconfined aquifer within weeks of discharge. Current hypotheses for the discrepancy betwe� model predictions and field observations include overestimation of scavenged waste discharges to the trenches and/or extensive lateral spreading of the contaminant plwne in the near surface. Conitrmation of either hypothesis is essential to developing a remediation strategy for the site. Such confirmation is only possible with a detailed analysis of the features. processes. and events at the 216-B-26 Trench. 
1.1 Purpose and Scope Accelerated remediation of the BC Cnbs and Trenches Feasibility Study (FS) may be viewed as occurring in three phases: the development of alternatives, the screening of the alternatives, and the detailed analysis of alternatives. The scope of this study is to identify source-control alternatives that provide an appropriate range of remedial options and sufficient information to support the co111>arison of alternatives against one another. Owing to site-specific conditions ( depth of contaminants, spatial extent of contamination), the range of options may be somewhat limited. Waste was disposed in large volumes. and radioisotopes were co-disposed with metals as well as inorganic and organic contaminants. Because of the extent of the waste site and the heterogeneity of the plume, treattnent alternatives may· be i111>ractical. Under such circmmtances, the U.S. Environmental Protection Agency (EPA) generally considers containment to be the appropriate response action, or the "presumptive remedy," for the source areas. Thus, the analysis will focus on one or more alternatives 1;hat involve containment of the waste with little or no treatment The goal is to identify containment alternatives with the capability to protect human health and the environment by preventing potential exposure and/or reducing the mobility of contaminants. 
Remedial alternatives are typically developed concurrently with the remedial investigation (RI) site characterization; thus, the results of one can be expected to influence the other in a feedback mechanism Remedial investigation site-characterization data are typically used to in the development of alternatives and screen technologies, whereas the range of alternatives developed guides subsequent site characterization and/or treatability studies. Thus, alternatives that are developed and screened at this stage may very well be used to guide further characterization. 
In the following sections, we develop containment alternatives for remedial actions and evaluate these alternatives against a no-action alternative to allow elimination of those that would be unable to meet preliminary remediation goals. Evaluation of the alternatives requires a good Wlderstanding of the active fate-and-transport mechanism; to support development of the most appropriate conceptual model. The 
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retention oflarge concentrations of 99Tc high above the water table is indicative of strong stratigraphic controls on the downward migration. With an accurate conceptual model, it will become possible to identify the volumes or areas of soil to which general response actions may have to be applied The alternatives resulting from this study will provide decision-makers with an appropriate range of options and sufficient inf onnation to adequately compare alternatives against one another and against a no-action alternative, taking into account the requirements for adequate protection. The site conceptual model on which the evaluation of alternatives is based is descnbed below. This conceptual model was coupled with a numerical model to evaluate the actual and potential magnitude of leachate releases from the vadose zone; and the potential for future horizontal and vertical migration of these contaminants. 
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2.0 Site Conceptual Model 

The conceptual model descnbes the ill1)ortant features, events, and processes controlling fluid flow and contaminant transport at the waste site of interest Development of the conceptual model is perhaps the most critical step in modeling contaminant fate and transport. The model is dynamic, becoming more refined as trore infonnation about the specific site becomes available. The toodel that is ultimately selected and the assUII1)tions on which it is based can have serious ill1)lications for risk assessment The problem of interest here is the fate and transport of contaminants of concern, primarily �c, through the vadose zone at the BC cnbs and trenches, with emphasis on 2 16-B-26. Because the model is dynamic, an ill1)ortant part of the modeling process is to use field data to cahbrate and independently test the predictive capabilities of the model. Kincaid et al. ( 1998) provides a comprehensive coiq>ilation of the 1)  features (the structure and transport properties of the various pathways), 2) events (e.g., recharge, source releases), and 3) processes (the fate-and-transport processes/mechanisms, inclu�g driving forces) considered relevant to contaminant flow and transport within the vadose zone beneath the H�ford Site. In the following sections, we sunnnarize the features, events, and processes relevant to the BC Trench site and present the steps for quantifying their impacts using the Subsurface Transport Over Multiple Phases 
(STOMP) sinrulator. 

2.1 Site Features Site features include the surface and subsurface physical structure, e.g., hydrostratigraphy, hydraulic, geochemical, and biochemical properties, of the vadose zone that may ill1)act contaminant migration. Field and laboratory measurements on undisturbed and repacked sarq,les show the hydraulic and geochemical properties of Hanford sediments to be highly variable in space, even within apparently homogeneous hydrostratigraphic units. 
The scale of resolution of geologic data used �o define the nature and extent of various hydrogeologic · units beneath most of Hanford's waste sites is based on borehole sall1)les, many of which were generally taken at intervals of about 5 ft vertically and 1 Os to 100s of feet horizontally (Figure 2. 1 ). Thus, the fine­grained units, llWlY of which are :50. 15 m thick, are often not identified. There are very few sites that have been subjected to geostatistical analyses to quantitatively descnbe the internal structure and heterogeneities in outcrop and core Sffl1'.)les. Thus, in many cases, there is a lack of site-specific data to support the development of detailed three-dimensional (3-D) geologic models for a given waste site. ht .the sections below, we descnbe the approach used to gain an understanding of the nature of heterogeneity at the 2 16-B-26 Trench. 
2.1.1 Hydrostratigraphy The BC cnbs and trenches are located in the 200 East Area of Hanford's central plateau. The geology and hydrology of the 200 Area have been extensively studied because they contain major sources of groundwater contamination (Hartman et al. 2004). The vadose zone beneath the 200 East Area can be subdivided into five principal hydrostratigraphic units, including three Hanford-formation units and two units belonging to the Ringold Fonnation (Connelly et al. 1992). The Hanford formation units include 1)  the upper-gravel-dominated Hanford formation, 2) the sand-dominated Hanford formation, and 3) the lower-gravel-dominated Hanford formation. Over most of the 200 East Area, the Hanford sand facies lay between the upper and lower sequence of the Hanford gravel facies (Connelly et al. 1992). 2. 1 
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Based on data ftom borehole sa111>les, the upper and lower gravel sequences appear to have similar 
physical and chemical properties. The Ringold Formation in the 200 East Area is, for the most part, 
eroded away in the northern half of 200 East Area. Here, the Hanford formation lies directly on top of 
basalt bedrock. The water table lies within the Ringold Fonnationjust south of200 East Area. Because 
the physical and chemical characteristics of the Ringold Unit A and Ringold Unit E gravels are similar, 
and because only a small portion of the vadosc zone lies within the Ringold Unit A gravel, these units arc 
often combined into a single hydrostratigraphic unit, namely the Ringold gravel llllit. In recent years, as 
the water table has declined in elevation, the basalt bedrock has become unsaturated beneath the 
northeastern portion of 200 East Area. Other features include elastic dikes which have been observed in 
the Hanford formation beneath 200 East Area. The vertically oriented clay skins within elastic dikes have 
been hypothesized to act locally to mitigate lateral flow in adjacent fine-textured strata Structures that 
mitigate lateral flow could lead to ponding of the water and the eventual breakthrough to underlying 
strata. 

One of asswq,tions made most frequently in modeling the infiltration and the redistnlmtion of water into 
soils and sediments at Hanford is that the porous medium is homogenous and isotropic. Such an 
assUIIl)tion may be an exception rather than the rule. Following the deposition of sedimentary rocks and 
soils, there is a progressive consolidation during digenesis. Such formations show a distinct microscale 
structure characterized by the presence ofnmltiple sedimentary layers. At the macroscopic scale, the 
primary manifestation of the microstructure is a co�lex layered system characterized by anisotropy in 
mechanical, electrical, and hydraulic properties. Given that many of the sa�les on which the subsurface 
hydrostratigraphy is based were taken from vertical sampling depths· of 5 ft and horizontal distances on 
the order of 1 Os to 100s of feet horizontally, many of the features controlling transport were typically 
indiscerml>le. The method of drilling and san-.,ling also meant that the internal structure of these 
sedimentary units was difficult to preserve. Thus, it is impossible to rely on vertical-grain-size data alone 
to accurately descnbe the subsurface heterogeneity. Consequently, there is a lack of site-specific data on 
which detailed 3-D hydrostratigrapbic models can be developed. Increased knowledge of the internal 
structure and heterogeneities of many of these units have come from extrapolation of high-resolution 
geophysical logs and outcrops at representative sites (Figure 2.2). 

The Ringold Formation and the Hanford formation typically contain relatively thin fine-textured lenses 
that can result in lateral spreading of moisture and can slow down the vertical movement of contaminants 
within the vadose zone. This phenomenon is caused by the Richards' effect in which fine over coarse 
sediment sequences form capillary breaks that typically limit the downward migration of water and 
contaminants while enhancing lateral flow under certain conditions. Lateral flow generally occurs wrtil 
the soil-water potential is sufficient to overcome the entry pressure of the coarse Wldcrlying layers, or 
some other vertical path oflower resistance is found. Fine-textured lenses typically have low vertical 
permeabilities and relatively high horizontal permeabilities. Paleosols and other fine-grained facies appear 
to be fairly continuous over ranges of about 100 m and have been found to promote lateral spreading of 
cnb effluent on a similar scale. Low vertical permeability layers, where they exist, often occur as single. 
relatively thick (meters or more) and continuous layers within the Ringold Formation. Low-permeability 
layers within the Hanford formation occur more frequently, but are relatively thin (0.5 m or less) and 
laterally discontinuous with frequent pinch outs (Figure 2.2). Thus. neglecting small-scale textural 
changes could lead to an W1derestimation of the extent of lateral spreading, which could lead to erroneous 
predictions of penetration depth and rate of transport. 
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Figure 2.2. Exposed Trench Face Showing Layered Heterogeneity in Hanford's 200 East Area. 
This trench was located near the south boundary of the ILA W Site. 

At wastes sites characterized by the types of layered heterogeneity shown above, the geometry and .configuration.of sedimentary, .hydrologic, .and .geochemical facies are difficult to define without extensive excavation and s�ling. The structur� of these features, however, can be captured by  coupling high­resolution geophysical logs with less-frequent grain-size distnbutions through pedotransfer functions. Figure 2.3 shows the sunnnary geologist's descriptions and geophysical logs for the C4191 borehole at the 2 16-B-26 Trench. Although Figure 2 .1  suggests relatively homogeneous layers that could be easily represented.by a perfectly stratified model, geophysical logs show a nmch more heterogeneous profile with a near-surface distnbution consistent with Figure 2.2. 
Neutron moisture logs have been shown to be useful stratigraphic indicators (Kramer et al. 1995). Theory predicts that coarse-textured soils generate relatively low neutron counts while fine-textured silt and clay layers generate nmch higher counts. Figure 2.3 shows a small offset between the geologist's descriptive log, the low-frequency laboratory measurements of moisture, and the high-resolution neutron log. High neutron counts and moisture do not always correlate with fine-textured silt lenses in the geologist's log. We believe that the spatial differences between the lab-measured moisture and the neutron logs are caused by the smoothing effect of using grab samples for the measurements. There is also a difference between the absolute moisture contents derived from the laboratory measurements and the neutron logs, which may be due to probe cahbration errors. Nevertheless, the neutron measurements, which were made in  the undisturbed medium at a resolution of about 3 inches, clearly show the effects of small-scale 
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stratigraphy. Thus, neutron logging can be a cost-effective reconnaissance tool to locate specific, potential, or suspected flow paths in existing wells or borings that are not continuously cored or sampled (Kramer et al. 1995). 
When the 99Tc data and the neutron mqisture logs are reviewed simultaneously, the effect of the subsurface features on flow and transport become apparent. Naturally occurring fine-textured lenses are abundant in this area (Figure 2.2 and Figure 2.3), and much of the contamination in borehole C419 1  found between two fine-textured layers occurs between 1 8  and 53  m below the surface. The bimodal nature of the mobile contaminant plume reflects the combined effect of textural contrasts and lateral migration. We hypothesize a two-stage transport process. In the first stage, the small-scale stratigraphy led to significant lateral movement in the layers immediately beneath the trench. Such stratigraphic effects on flow are not unprecedented in the Hanford vadose zone. Data from the 2 16-U-cnbs suggest that perched water beneath a the 216-U-16 cnb was diverted hundreds of meters horizontally by a caliche layer before contacting uranium-contaminated soils beneath the U-1 and U-2 Cnb and migrating down the unsealed annulus of a borehole (DOE-RL (1998). Vadose zone transport field studies conducted under the Remediation and Closure Science program also show similar behavior. In FY 2000 and 2001, a series of field experiments designed to simulate a subsurface leak were conducted at the Sisson and Lu Site in the 200 East Area. Three-dimensional distnbutions of water content measured during the experiments show a continuous layer of higher values, indicative of a fine-textured layer, between 5.5 and 7.0 m and sloping upwards in an easterly direction. A similar layer is also observed between 10.5 and 1 1 .5 m The layer sequence of fine-over coarse layers produces natural capillary breaks resulting in preferential lateral flow within the fine-textured layer until the water-entry pressure of the coarser soil is exceeded. The net effect is an asymmetric wetting front (Figure 2.4). 
Figure 2.5 compares the time dependence of the zeroth moment, Mo, which is essentially the recovered mass of water derived from neutron logs, with the injected mass of water in kilograms in the FY 2000 test. Until the third injection, the relationship between the injected mass and the recovered mass showed very good agreement. The pump rate during the test was kept relatively constant, and the cumulative injected mass approximates a straight line with some 1 1,983.37 kg of water injected by the end of the third injection on June 15, 2000, and a total of 19,972.29 kg injected by June 28, 2000. Boreholes were typically logged within 24 hours of each injection. Mass recovery from the June 16, 2000, logging accounted for 1 1 ,404 kg or 95.2 percent of the injected mass. Given the 24-hour delay in measurement and the error in the neutron probe resulting from the use of a single calibration curve for a layered system, the mass recovery is quite remarkable. By the fourth injection, 15,977.8 kg of water had been injected, but the recovered mass was only 13,803 kg or 86.4 percent. From this point on, the divergence between the injected and recovered mass continued to increase. By the end of the monitoring period on June 31 ,  2000, mass recovery was only 10,262 kg, or  5 1 .4 percent of the injected amount. 
The only possible explanation for the divergence between the injected and recovered mass of water is in water leaving the monitoring domain. While the boreholes used for monitoring extend to a maximum of 8 m from the injection point, there was no physical subsurface boundary to retain water in the domain, so the water was free to redistnbute in 3-D space in response to the potential gradients. Analysis of the first moments, M1, for the lateral and transverse direction at the longitudinal center of mass show that the wetting front moved preferentially in a south-easterly direction in both tests. A more notable observation, 2.6 G-9 
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Figure 2.4. Spatial Distribution of Soil-Water Content, 8, Interpolated from Neutron Probe 
Measurements in the 32 Wells at the Vadose-Zone Test Site on June 02, 2000, After an 
Injection of 4000 L (1057 gal) of Salt-Free Water (a) Transect E-A, (b) Tra_gs_�t_F-_B, 
(c) Transect C-G, and (d) Transect B-F 
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based on stable isotope analysis, was that none of the injected water ever penetrated the lower fine­textured layers. 
It is therefore quite likely that in highly heterogeneous soils such as those at the BC trench site, injected water could have redistnbuted in the shallow subsurface, thereby keeping contaminants high above the water table. The large volume of water was enough to overcome the m.iltiple capillary breaks and the main one at 34 m The leading and trailing edges of the plume were from the same liquid release event and likely showed similar peak concentratiom. After the leading edge crossed the capillary break formed by the fine over-coarse sequence at 34.21 m, the soil water suction likely decreased to a point where further downward migration of the trailing section was curtailed. This would have resulted in  a relatively low concentration zone between the 34-m and 36.6-m depths. In the second stage, following the dissipation of the effects of the fluid discharges, the driving force was · due mostly to natural recharge and this resulted in a slow downward migration of the mobile contaminants. The leading edge continued its 
downward movement but was finally stopped by another capillary break fanned by the fine over-coarse sequence at 47 m The lower peak concentration in the leading edge is caused by a coni>ination of lateral spreading above the lower capillary break and the accumulation of contaminants above the 33.5-m depth. The low concentratiom of mobile species between the trench bottollli and the 18-m depth suggest that the upper vadose zone may have leached by natural recharge following trench closure. The lack of recharge events or additional liquid discharges that could overcome the natural capillary break at 33.5 m may have led to an accumulation of contaminants and higher concentrations in the trailing edge of the plume. Equalization of the concentrations in the two sectiom would require a significant increase in water suction to overcome the water-entry pressure of the separating coarse-textured layer. 
The neutron moisture logs from C4 l 9 l and surrounding boreholes are therefore central to developing the conceptual model of flow and transport at 216-B-26. Accurate simulation of flow and transport nmst therefore account for the small-scale lithostratigraphy with adequate description of the local-scale hydraulic properties and saturation-dependent anisotropy mechanisllli. Failure to account for these heterogeneities, which manifest as thin layers, would likely result in an W1derestirnation of lateral spreading and an overprediction of the penetration depth. 
2.1.2 Hydraulic Properties Accurate predictiom of flow and transport in the vadose zone require a characterization of the hydrologie properties. In heterogeneous sediments, such as those shown above, detailed characterization of the hydraulic properties and their variability are the minimum requirements for predicting field-scale flow (Ward et al 2002). Required properties for variably saturated flow include the soil moisture characteristic, i.e., the water content-capillary pressure relationship, 8('1'); and the unsaturated hydraulic conductivity versus capillary pressure relatiomhips, K('I'), including parameters for descnbing saturation­dependent anisotropy. No hydraulic properties were measured on the sa�les from the C4 l 9 l borehole and no undisturbed sa�les were available for characterization. Sampling was limited to grab samples, which had W1dergone comiderable mixing, thereby making the interpretation of laboratory measurements a difficult task. Nevertheless, a nuni>er of representative sa�les were selected for grain-size analysis based on observed contrasts in water content With no site-specific hydraulic properties, the grain-size statistics obtained from the analysis of selected grab samples were used to estimate properties using pcdotramfer functiom. The pedotramfer functiom assume that the relationships between moisture content, pressure head, and unsaturated hydraulic conductivity are nonhysteretic and can be represented 2.8 G-1 1  
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by the Brooks-Corey water-retention and relative-conductivity model (Brooks and Corey 1964). The pedotransfer functions were used to estimate the saturated hydraulic conductivity, K,.; saturated water content, 8.; the Brooks-Corey pore size distnbution index, 11.,; and the Brooks-Corey bubbling pressure, 'l'b• Calculated parameters are sununarized in the Model Parameterization section. 
2.1.3 Transport Properties Accurate predictions of flow and transport also require detailed characterization of the transport parameters, particularly dispersivity, a. Dispersivity is well known to be scale-dependent, but there are few data for Hanford sediments, especially at scales relevant to the current problem Recent field experiments resulted in the estimation oflongitudinal and.transverse dispersivities at the Army Loop Road site, but transport distances were limited to a maxinnrm of 1 m (Ward and Gee 2003). It is also known that dispersivity is a function of texture. Studies conducted in the 1960s and 1970s showed the dispersivity to vary with mean grain diameter, d50(Har1em and Rumer 1963; Bruch 1970). More recently, Perfect et al (2002) reported a pedotransfer function approach for predicting longitudinal dispersivity, aL, from existing databases of soil hydraulic properties. They found that aL increased as the Brooks-Corey bubbling pressure, lf/b. and the Ca111>bell exponent (Carnpbell 1974), b, increased Thus, aL tended to increase as soil texture became finer and with increasing clay content or as the Brooks-Corey pore-size distnbution index, A, decreased. 
These values, however, are local-scale values and are expected to be smaller than the values needed to predict field-scale behavior. Effective longitudinal and transverse field-scale dispersivitiy, applicable to both 99yc and N�, were estimated by fitting the observed 99yc concentration profile obtained from the C4191 borehole to an analytical solution of the convective dispersive equation (CDE), assuming 1-D advection and 2-D dispersion (Leij et al. 1991). The resulting values represent effective values that reflect the total contnbution of the various layers. However, local-scale estimates of aL can be obtained for individual layers from their l values using the method proposed by Perfect at al. (2002). The transverse dispersivity was assumed to be 0. 1 of the longitudinal dispersivity. 
2.1.4 Geochemical Properties Detailed characterization of the geochemical parameters used to descnbe sorption is also needed for predicting the transport of contaminants in heterogeneous sediments. The choice of parameter depends on the nature of the model as some transport models are based on the distnbution coefficient, KJ, while the multi-co111>onent models require information on cation exchange capacity (CEC) and reactive surface area. Adsorption is asswned to be the controlling geochemical process in most instances, so the transport model used in this study is based on the Kd approach. In general, the finer-grain sediments tend to have a greater tendency to adsorb reactive contaminants. 
Tc(VII) adsorption is low under nearly all conditions relevant to the Hanford vadose zone and upper unconfined aquifer, and Kdvalues range from zero to a high of approximately 1 mL/g. However, the high values also have high standard deviations. The 1 mL/g has not been substantiated by any other studies. Under normal Hanford conditions, zero appears to be the most appropriate value, with a best estimate for the range as 0.0 to 0. 1 mUg (Cantrell et al. 2003). Under natural Hanford groundwater conditions, U(VI) adsorption is moderate with K.i values ranging from approximately 0.2 to 4 (Cantrell et al. 2003). Thus, uranium migration under natural Hanford conditions is high to moderate with greater migration occurring 2.9 G-1 2  
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at high and low pH values. The recommended range suggested in the Immobilized Low-Activity Waste Performance Assessment Far Field for 23412351238U is 0.1 to 8.0 (Cantrell et al. 2003). Based on this analysis, a range of 0.2 to 4 is more likely to be appropriate. For this conceptual model, a linear sorption isotherm model is assumed Although the ionic strength of the discharged waste can play a role in sorption processes, it is not considered in this study. 
2.2 Site Events Site-specific events are included in developing the conceptual model because these events affect the choice of initial and boundary conditions as well as the spatial extent of the C01t1)Utational domain. Events that are typically included are the natural (e.g., meteoric recharge) and man-made (e.g., accidental and intentional) fluid and contaminant releases. Liquid discharges were of two types, 1)  unrestricted, which went to cnbs, and 2) restricted, which went to specific retention trenches. The restricted discharges were intended to limit the total volume discharged such that the discharged fluid was retained in the vadose zone. In contrast, unrestricted discharges to cnbs were assumed to release some of the contaminants to the groundwater. Discharges to most cnbs and trenches were co1t1)leted ov,er relatively short times, ranging from a month to a year. These discharges therefore created a strong driving force for vertical transport through the vadose zone. There are several discharge events that could have impacted the distnbution of contaminants beneath the 216-8-26 Trench. These events are summarized in the following sections. 
2.2.1 Release Events Release events represent the source terms in the conceptual and numerical models. These events include both intentional and recorded accidental discharges of fluids and contaminants to the vadose zone. These events must be characterized for quantity and duration of the releases. Given the potential for lateral migration of contaminants in these sediments, it is necessary to consider the trenches adjacent to the 2 16-8-26 trench. Numerous cnbs and.trenches in the 200-TW-1 OU waste sites received large quantities of wastewater containing significant quantities of mobile radionuclides ( e.g., �c) and chemicals (e.g., N03"). 
Six trenches in the innnediate vicinity of the 2 16-B-26 Trench were operational during the same time frame as 2 l 6�8-26. These include 2 16-B28 and 216-8-27 to the south and 2 16-8-25 through 2 16-8-23 and 216-8-52 to the north. For the most part, the liquid volumes, waste-stream types, and chronology are reasonably well known. Median fluid discharge volumes and contaminant inventories, derived from the SIMS model of Si1t1)son et al. (2001), are summarized in Table 2 . 1  through Table 2 .4. 
Discharges were generally short, lasting from 30 days to 90 days. The mean volume was just over 4000 m3, except for the nruch larger 216-8-52 Trench, which received over 8500 m3 of fluid Trenches 2 16-B-23 through 216-B-28 received median values of99Tc ranging from 16 to 18 Ci while 2 16-8-.52 received over 25 Ci. 
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Table 2.1. 2004 Composite Analysis 10,000-year (Median Inputs) 
Assessment of Fluid Discharge Volumes 

Lengtla Start Ead Daration 
Trench (m) Date Date (day) Vol (nt') 

216-B-52 176.78 12/01/57 01/01/58 31 8529.52 
216-B-23 152.40 10/01/56 10/3 1/56 30 4519.90 
216-B-24 152.40 10/01/56 1 1/01/56 31 4869.87 
216-B-25 152.40 1 1/01/56 1 2/01/56 30 4909.90 
216-B-26 152.40 12/01/56 02/01/57 62 4745.64 
216-B-27 152.40 02/01/57 04/01/57 59 4419.88 
216-B-28 152.40 04/01/57 06/30/57 90 5049.79 

Table 2.2. 2004 Composite Analysis 10,000-year (Median Inputs) Assessment for 99Tc (Ci) 

Analyte laftax by Trenclt 
Year coc B-Sl B-.23 B-.24 B-.25 B-.26 B-.27 B-28 
1955 99Tc 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
1956 99Tc 0.0167 0.0000 0.0476 0.0000 14.2491 0.0452 0.0476 
1957 99Tc 6. 1 197 15.3636 18. 1086 18.0399 3.3504 16.4384 17.3002 
1958 �c 19.3691 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
1959 99Tc 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 , 

Total 25.5044 15.3636 18. 1086 18.3099 17.5995 16.4836 17.3678 

Table 2.3. 2004 Composite Analysis 10,000-Year (Median Inputs) Assessment for Nol· (kg) 

B-52 
1955 N03 0. 
1956 NC>_i" 0. 
1957 NC>_i" 321 1 83.5 
1958 NC>_i" 962740.7 
1959 N03 0.0 

Total 1283924. 

B-23 
0. 

802052. 
0. 
0.0 
0.0 

802052.7 

Aaalyte Influ by Trench 
B-24 B-ZS B-26 

0.0 
0.0 

959358.7 
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Table 2.4. 2004 Composite Analysis 1 0,000-Year (Median Inputs) Assessment for 238U (Ci) 

Analyte Influx by Trench 
Year -COC . B-52 -B-23 -B-24 -B-25 -B-26 -B-27 -B-28 1955 23su 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
1956 238u 0.0000 0.0371 0.0355 0.0359 0.0303 0.0000 0.0000 
1957 238u 0.0162 0.0000 0.0000 0.0000 0.0072 0.0323 0.0408 
1958 23su 0.0491 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
1 959 2Jsu 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Total 0.0654 0.0371 0.0355 0.0359 0.0375 0.0323 0.0408 

2.2.2 Recharge Events In the past, it was assumed that natural precipitation did not contnbute to recharge in arid and semi-arid environments such as Hanford It is now known that precipitation has the potential to contnbute to recharge. The amount ofrecharge .generated by a precipitation event can be quite site-specific. 
The rate of recharge at a particular location is influenced by four main factors: topography, climate, soil type, and vegetation. Potential evapotranspiration (PETi") is a measure of the capability of the atmosphere to remove water from the surface through the processes of evaporation and transpiration assuming an unlimited water supply. At Hanford, the PET typically exceeds precipitation. Actual evapotranspiration or AE is the quantity of water that is removed from a surface due to the processes of evaporation and transpiration. At Hanford, actual evapotranspiration is generally equal to precipitation (Gee et al. 1988). Therefore, most of the water stored in the soil will eventually be evaporated or transpired High PET and :fine-textured soils with a high water holding capacity combine to limit recharge. Recharge is generally small in vegetated shrub-steppe ecosystems, but it can be very important, particularly when the potential for long-term contaminant remobilization is considered Without adequate storage capacity in the fine soil layer, there may be times when the storage capacity will be exceeded, and groundwater recharge can occur. In extremely wet years, or in the absence of vegetation, significant amounts of water may move out of the root zone, creating the potential for deep drainage and contaminant transport (Gee et al. 1988). Historical aerial photos show that the site was covered predominantly with grasses and sage brush before installing the trenches. The recharge rate would have been in the 0 to 10 mm yr·1 range (Figure 2.6). Thus, a recharge rate of 3 .5 mm yr-1 was selected as the initial recharge rate. 
Depending on the surface conditions, recharge can be diffuse or focused, and the distnbution ultimately affects subsurface transport. Both short-term and long-term rates can affect the behavior of contaminants in the subsurface. Rates could also be expected to show some temporal variation. Before installing trenches, recharge rates would have been consistent with those expected for a mature shrub-steppe community. Construction of the trenches would have resulted in the removal of vegetation and an increase in recharge (Figure 2. 7). Thus, during operation and before backfilling, the recharge rate would have increased to values consistent with that of a bare surface (50 to 100 mm yr-1). Installation of the trench would have resulted in land clearing. It appears that the trench surfaces were kept relatively free of 
(a) Water extracted by the plant's root system is referred to as transpiration and is no longer available for recharge 

or contaminant transport The evapotranspiration process is composed of evaporation and transpiration. 
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vegetation because a more recent aerial photograph from 2002 show an essentially bare surface similar to 
that in Figure 2. 7 except that there is now a. finer-textured overburden layer. 
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Transpiration 
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Figure 2.6. Schematic R(J)resentation of Hanford Site Water Balance 
Showing Varjable Recharge Rates 

Figure 2. 7. Aerial Photograph of BC Trenches shortly after Excavation 

The trenches were backfilled after they were completed, and, over time. vegetation would have invaded 
.the surfaces. Recharge would have decreased to a range consistent with a mixed surface of shrubs and 
grasses (10 to 50 nnn yr-1). 

A meteoric recharge rate of 25 nnn yr·1 is assumed based on measurements from the Hanford barrier. 
These data show an average recharge rate of 18 percent of precipitation on a sparsely-vegetated gravel 
cover. .Backfilling and stabilization would have resulted in a moderate reduction while remediation and 
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closure would bring about a significant reduction, depending on the chosen remedy. In this study, long­term recharge estimates from natural precipitation (3.5 nun'yr) are based on data reported by Fayer and Walters ( 1995). Recharge rates subsequent to remediation and closure are based on the performance criterion of the prototype Hanford barrier (Ward et al. 1997). 

2.3 Fate and Transport An understanding of the fate-and-transport processes acting on the contaminants beneath the BC trench site is a pre-requisite to predicting the partitioning of the contaminants of concern (COCs) between the different -components of the environment (ie., soil, water, and air). For the majority of contaminants, movCll'!,ent through the vadose zone is i n  the aqueous phase and therefore depends on the contaminants being dissolved in the infiltrating water. Once this water passes the root zone where evaporation and transpiration can affect the quantity available for transport, it can potentially reach the water table. The rate at which the water and associated contaminants move through the vadose zone is controlled by the interaction between the meteorological forcings and the hydraulic, thermal, and vapor gradients that develop in the sediments. 
The extent to which these gradients develop is largely controlled by the sediment thermal and hydraulic properties and to a lesser extent by the fluid properties. Transport is also dependent on biogeochemical conditions (pH, Eh). In many respects, the physical and chemical processes prevailing in the vadose zone differ from those that predominate in  surface and groundwaters (Runnells 1995). These differences are caused mainly by the presence of a gas phase, a typically oxidizing environment, a'?live biological and biochemical processes, and the re1atively large specific surface area of unsaturated soils. There are four main processes that are of potential in1>ortance in the vadose zone: 
• precipitation'dissolution • volatilization/ condensation • a<korption'desorption • degradation'tramfcmBtion. 
In the following sections, we provide a general description of the fate-and-transport processes and their possible role and in1>ortance to the behavior of the major COCs at the 2 16-B-26 Trench. These processes are known to affect the fonn in which a COC may exist, and, along with the dynamics of the environment, the tmbility and biogeochemical availability of the contaminant. 
2.3.1 Precipitation/Dissolution The chemistry of water infiltrating from snowmelt and rainfall generally evolves to different chemical compositions as the water moves through the vadose zone to the water table. Thus, the final COil1)osition of the vadose zone pore water depends on the mineralogy of the soil as well as the texture and permeability that control the contact time through their effect on permeability (Sparks 1989). This is ill1)ortant for the remobilization of existing plumes as there is net dissolution if the vadose zone water is under-saturated with respect to the mineral or chemical species. There is much experimental evidence to show that precipitation reactions control the concentration of aqueous concentration of many contaminants (Runnells 1 995). Calcium is known to be controlled by equihbrium with calcite or by ion­exchange on clays. Recent experiments on the migration of strontium conducted under the Vadose Zone Transport Field show that sorption of strontium in Hanford sediments is also strongly influenced by 2 . 1 4  
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equilibrium with calcite (Ward et al. 2003). Concentrations of Fe and_Mn are connnonly controlled by 
oxyhydroxides in the oxygenated vadose zone, while precipitation of fluorite is an �ortant controlling 
factor for the dissolved F ion. Results of the analysis of saq,les from the C4 I 9 l borehole suggest that 
precipitation could have been an �ortant fate-and-transport mechanism, particularly for 238U (Serne and 
Mann, 2004). 

2.3.2 Volatilization 

Volatilization is the process by which a contaminant is transferred from soil or water into the atmosphere 
in the gas phase. Som: inorganic species can be tramfonned into volatile species and move through the 
vadose zone. A well known exall1)le is the.bacterial reduction of dissolved S04 to HzS gas with the la;s of 
HzS to the attmsphere (Kellogg et al 1972). Mercury in solution can a1so be volaulized in anaerobic 
environments and by reaction with �olved htunic acids. While the microbial reduction of N� to NH3 or N2 

is well known, this mechanism has not proven significant enough to prevent the wide-spread pollution of 
groundwater by nitrate. Gaseous tramfer is a1so an irq>ortant mechanism affecting the fate and transport of 
volatile and semivolatile contaminants that can occur in response to concentration .gradients in the vad<Jie 
zone. The importance of volatilization as a transport mechanism depends on the depth to the zone of 
contamination and the wind velocity at the soil-air interface. At the BC cnbs and trenches, the list of 
COCs shows several species for which volatilization could be irq>ortant. These include mercury, sulfate, 
nitrate, nitrite, and a range of SVOCs. However, the COCs are at low concentrations (below saturation) and 
are most likely dissolved in the water phase (ie., no free non-aqueous phase liquids). While it is likely 
that volatilization may have been important for the some of the inorganics and the semi volatile organic 
· compounds {S VOCs) during operation of the trench, backfilling of the trench reduces the importance of 
this mechanism after operations ceased. Volatilization is therefore ignored in this analysis. 

2.3.3 Sorption/Desorption 

Sorption/desorption reactions are based on the principle of attraction between aqueous species and the 
reactive surfaces of the solid phase of soils aJ.td sediments. One of the most connnon sorption reactions in 

· soils is ion exchange. In its most general meaning, an ion-exchange reaction involves the replacement of 
one ionic species on a solid phase by another ionic species taken from an aqueous solution in contact with 
the solid The sorption of most aqueous-phase inorganic and radionuclides is controlled by ion exchange 
and surface corq,lexation and therefore depends on the available reactive surface area. Reactive 
contaminants adsorb to mineral surfaces and the surfaces of chemical precipitates in the soil. Soiption is 
controlled by a large number of variables, including the pH of the infiltrating water, ionic strength 
(salinity) of the water, soil particle size distnbution, concentrations of the corq,eting ions, mineralogy, 
and organic carbon content. Aqueous pH affects both the speciation of the metals and the swface charge 
of the sorbing media. At low pH values, the surfaces of most of the important soil minerals are positively 
charged and will therefore repel positively charged ions, such as metals, and attract negatively charged 
ions, such as pertechnetate, TC04-. At high pH, the surfaces have a net negative charge and therefore 
attract the positively charged species and repel the negatively charged species. The speciation of the ions_ 
can work against this trend by changing the charge on the ion itself. For instance, at high pH, metals can 
combine with hydroxide ions in solution, forming an aqueous cotqJlex with a neutral or negative charge. 

Sorption is a surface phenomenon; therefore, the smaller the grain size of the soil, the greater the surface 
area per unit mass of media (specific surface area) and the greater the adsorption Hanford sediments 
show a very strong inverse correlation between specific surface area and cation exchange capacity 

2. 15  
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(Ward et al. 2003 ). Sorbed ions can also be desorbed from the surfaces of soils and sediments when introduced to a solution of different chemistry, especially when the salinity is high. A good exaiq>le, relevant to Hanford in general, and 216-B-26 in particular, where wastes high in sodium were discharged to a system in equilibrium with calcium would be the exchange between Ca++ and Na+. The ionic strength of the water can decrease the concentration of ions actually seen by the surfaces of the sorbing media, which has the effect of decreasing the K.i. This process has been shown to be lll1)ortant in the sorption of 
137 Cs where high Na+ reduces the normally high K.i of 137 Cs (Saiers and Hornberger 1996). In this analysis, sorption is considered only for 238U and it is assumed to be descnbed by a linear isotherm. 
2.3.4 Degradatiooffransformation In addition to the processes descnbed above, contaminants in the vadose zone can also undergo degradation and transformation over time as a result of chemical (abiotic) and microbiological (biotic) reactions. Degradation and transformation may result in coiq>ounds that are less toxic, coiq>ounds that are more strongly adsorbed and therefore move more slowly through the soil profile, or compounds that are less soluble. In some cases, gaseous products are fonned that can be lost to the atmosphere from shallow depths. The degradation and transformations of chemicals from one coi:q,ound to another can be iiq>ortant in controlling the quantity of a contaminant reaching the groundwater. 
Changes in conditions within the environment can lead to changes in the form and distnbution of the contaminant, and this could be of importance to �c and 238U. For exaiq>le, under oxidizing conditions, �c exists as the soluble heptavalent pertechnetate ion, Tc04-, which, owing to its negative charge, is highly mobile in soils and groundwater (Lieser and Bauscher 1987). However; under reducing conditions, and in the absence of coi:q,lexing agents, the tetravalent Tc(IV) ion dominates (Francis et al. 2002). In this oxidation state, 99Tc is relatively innnobile and can form highly insoluble minerals like Tc02 and strong coiq>lexes on Al, Fe, and Sb oxides as well as on clays (Lieser and Bauscher 1987; Meyer et al. 1991; Haines et al. 1987; Zhaung et al 1995). Such changes can be mediated by abiotic and/or biotic processes. For radioactive species, radiolytic decay can result in a reduction in concentration of the contaminant and the production of daughter products. Owing to the long half-lives of the two species of interest, 238U and �c, radiolytic decay and the formation of daughter products are ignored Biochemical transformations ofN03- are also ignored 
2.3.5 Evaporatiooff ranspiration Water can be removed from the vadose zone via losses to the atmosphere. These losses consist of evaporation from wet soil surfaces as well as from plants through transpiration. Transpiration is the water lost to the atmosphere from small openings on �e leaf surfaces and is part of the normal process required for growth and cooling. Evaporation is the water loss directly from the plant and soil surfaces. Significant evaporation can take place only when the soil's top layer (1 to 2 inches) or plant canopy is wet. Once the soil surface is dry, evaporation decreases. sharply. However, deep-rooted plant species can remove water from significant depths in the soil, making plant water uptake a potentially important fate­and-transport mechanism 
Water loss by evapotranspiration reduces the amount of water available for recharge and the transport of contaminants to the groundwater. However, evaporation can bring aqueous-phase contaminants closer to the surface, sometimes leading to a surface accunrulation of previously distnbuted chemicals (Elrick et al. 1997). Plant uptake is another means by which chemicals in the soil can be removed from 2.16 G-19 
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the pool available for leaching. Twmle weeds, with roots that can reach down to 20 ft, can take up 90Sr, 
break oft: and blow off the waste site (Marshall 1987). Transpiration from shrubs like rabbit brush, sage 
brush and twmle weed may bring previously distnbuted dissolved chemicals to the surface through the 
incorporation into the plant biomass. The importance of plant uptake is dependent on the COC. Nitrates 
can be taken up in very large quantities. There is also ample evidence showing the accumulation of 
radionuclides, including 99Tc, in plants (Yanagisawa and Muramatsu 1993). Thus, modeling the transport 
of near-surface contaminants in vegetated waste-management areas should consider the potential uptake 
of COCs if realistic estimates of quantities migrating to groundwater are required 

While plant uptake can bring dissolved contaminants to the surface where they can become incorporated 
into plant biomass, water loss from the soil, through passive or active evaporation processes, can lead to a 
surface accunrulation of previously distnbuted chemicals. This could have a significant effect on 
contaminant migration and remobilization. In an experimental and modeling stildy of 1 291 migration in an 
unsaturated soil with a shallow water table, Elrick-et al. ( 1997) demonstrated the llJ1)ortance of 
evaporation in the upward migration and surface accumulation of the contaminant over a 4-yr period 
Although the COCs are somewhat deeper than the optimum depth for passive evaporation processes to 
ill1)act transport, active processes could serve a role in mitigating further transport. Accounting for these 
processes would require a non-isothermal sinmlation and consideration of evapotranspiration. At this 
stage of the investigation, a decision was made to ignore these processes. 

2.4 Summary of Conceptual Model 

With the features, events, and processes descnbed above, a conceptual model can be developed for the 
subsurface transport at the BC trenches. Of the nwnerous contaminants reported in the list of COCs for 
the BC cnbs and trenches, the ones considered the most capable of contaminating groundwater in the 
future appear to be 238U, N�-. and � c. Of these three, 138U is the least mobile and in the absence of a 
significant change in site geochemistry, it would remain strongly sorbed The greatest risk, therefore, 
comes from NO3• and 99yc, the most mobile of the contaminants. 

Several intentional waste discharges occurred within the 200-TU OU beginning in 1956 and continuing 
into 1958. By combining the waste-release history for each trench, a gross chronological conceptual 
model of coll1)osite contaminant release to the vadose zone and subsequent distnbution can be generated 
The earliest releases occurred in 1956 in Trench 216-B-28. The subsequent migration through the vadose 
z.one varied greatly because of the differences in liquid volumes released and perhaps local stratigraphy. 
High-resolution neutron probe data suggest a highly stratified medium with numerous thin fine-textured 
layers in the top 12 to 15  m Essentially all of the reactive species (uranium, phosphate) were retained 
within the top 12 m ( 40 ft), close to the point of discharge. Distnbutions of electrical conductivity and 
mobile species (Cl, N�-. 99yc) were concentrated in a region between 25 and 45 m, dissected by a low 
concentration and conductivity zone at about 35 m 

Given the large volume of fluids, and their potentially high density, flow was initially vertical. The 
wetting front soon became asynmetric, spreading beyond the dimensions of the trench. The strong lateral 
migration resulted from the combination of local stratigraphy (Figure 2. 1) and the large liquid discharges 
from the adjacent trenches that created a strong horizontal gradient. It is likely the cum.dative effect of 
discharges from the adjacent trenches that finally led to penetration of the near surface capillary breaks. 
The bimodal nature of the mobile contaminant plumes reflects the series of discharge events. The leading 
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and trailing edges of the plume are initially from the same liquid release event and likely showed similar peak concentrations. After the leading edge crossed the coarse-textured zone at 35 m, soil water suction decreased to a point where further downward migration of the trailing section was curtailed This resulted in a relatively low concentration zone between the 34-m and 37-m depths. The leading edge continued its downward movement but was finally stopped by another capillary break formed by the fme over coarse sequence at 4 7 m 
The lower peak concentration in the leading edge is likely caused by a combination of lateral spreading above the lower capillary break and the accumulation of contaminants above the 33.5-m depth. The absence of_any significant concentrations of mobile species above the main plume suggests that the upper section has been effectively leached by subsequent natural recharge. This is supported to some extent by the vertical distnl>ution of electrical conductivity and pH at the C4191 borehole. It is possible that the absence of any major recharge events or subsequent liquid discharges that could overcome the capillary break at 33.5 m is responsible for the contaminants accumulating in this region above this coarse-textured zone and resulting in higher concentrations in the trailing edge of the plume. Equalization of the concentrations in the two sections would require a significant decrease in water suction to overcome the water-entry pressure of the separating capillary break. In contrast, remedial actions that reduced recharge would essentially prevent any further migration. It should be noted that reliance on data from a single borehole makes it virtually ll11)ossible to predict whether this zone extends across the entire site. Thus, the bimodal nature of the plume could be a local artifact specific to the borehole location, which means that the plume could show different characteristics at different locations. 
Past assessments of subsurface transport have ignored the heterogeneity that could lead to the distnl>utions observed at 2 16-B-26. The hydrogeologic writs were typically assumed to be homogeneous and isotropic in character, although in reality, these units display very a co:rq>lex small-scale structure. It is now well known that the dominant effect of these complex structures is to enhance lateral spreading and impede downward migration. Thus, accurate simulation of flow and transport must account for the small-scale stratigraphy with adequate description of saturation-dependent anisotropy mechanisms. The properties of many fluids discharged at Hanford were typically different from those of pure water. For exa:rq>le, the specific gravity of wastes that have leaked from single-shell tanks ranged from 1 . 1  to 1 .65, which could enhance the transport of contaminants. Increased density has been demonstrated to elongate contaminant plumes vertically and reduce lateral spreading caused by stratigraphic variations in hydraulic properties (Ward et al 1997; Ward et al 2002). However, in the interest of si:rq>lifying the conceptual model, fluid effects are ignored 
A representative flow-and-transport model of the BC trenches should therefore be nmltidimensional and, at a minimum, include the following features: 
• Representation of the small-scale stratigraphy and the site-specific ranges in physical and chemical properties (based on available geologic, soil physics, and geochemical data from nearby boreholes and outcrops) 
• Tilted layers to accommodate the natural slope to the formation. Observations at the near-by 299-E24-l l l test site suggest a southeasterly dip in the fine-textured layers. 
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• Representation of lateral spreading along nmltiple strata with contrasting physical properties 
( e.g., bedding contacts), which appears to be prevalent within the fine-grained lenses. Lateral 
spreading can be enhanced by the sloped layers. 

Accounting for these features requires infonnation on hydraulic and transport properties at a scale that is 
not typically available. A major challenge, therefore, lies in determining flow-and-transport parameters 
for the small-scale lithofacies. Because the geometry and configuration of various hydrostratigraphic 
facies and heterogeneities cannot be adequately characterized, the effects of these features are captured 
through their ilq>act on the specific retention. A relationship between the specific retention and soil 
particle size statistics allowed identification of soil textures. Properties for the different textures were 
derive� from pedotransfer functions. For this analysis, it is assumed that water flow can be descnbed by 
the Richards' equation with gravity and capillary potential gradients. 
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3.0 Technical Approach 

This analysis is focused on four major transport elements: 1) contaminant inventory distnbution, 
2) vadose zone transport, 3) the uq,act of contaminant concentrations .on the.quality of groundwater 
beneath the BC trench field, and 4) the potential impact of remediation alternatives. To estimate the 
potential concentration of contaminants in the groundwater from the existing inventory distnbutions, it is 
necessary to link the inventory distnbution with a vadose zone transport model. In general. there are two 
approaches that can be used to achieve this linkage. 

In the first approach, the existing contaminant inventory distnbution can be superil11)osed or convolved 
with an applicable transport model to predict its transport through the vadose zone under different 
conditions. This approach requires identifying the appropriate conceptual model and identifying or 
developing a system output or response function that can be easily superimposed or convolved with the 
existing contaminant-inventory distnbution. System-response functions, based on.analytical solutions to 
the COE for 1 -D advection and dispersion and for 1-D advection with 2-D dispersion, are readily 
available in the literature (van Genuchten and Alves 1982; Jury and Roth 1990; Leij et al. 1991). The 
analysis is focused on estimating the travel times and concentrations at the water table for the non­
adsorbed chemicals, such as �c and N�-. 

With the available data limited to a single borehole, initialization of a 1llllltidimensional transport model 
to predict future migration would be a difficult task. The second approach therefore requires simulation 
of the current contaminant inventory distnbution with an appropriate process model using a reconstructed 
release history. One way to overcome this limitation is to first si1lllllate the distn1mtion of the plume at 
the time of SaJJ1>ling. The existing plume is then modeled to determine future contaminant migration 
through the vadose zone and travel time to the unconfined aquifer. This is the approach of choice for 
complex boundary conditions and heterogeneous subsurface domains in which flow and transport can be 
transient and Ir11ltidimensional. This approach also requires identifying the appropriate conceptual 
model However, the system response is based on numerical solutions to the Richards' flow equation for 
variably saturated flow and the COE for multidimensional advection and dispersion. For this approach, 
the tool of choice is the STOMP sinrulator developed at Pacific Northwest National Laboratory (PNNL) 
(White and Oostrom 2000). Modeling the transport of near-surface contaminants in vegetated waste­
management areas should consider the potential uptake of COCs if accurate estimates of quantities 
migrating to groundwater are required. However, these processes were not considered The analysis is 
therefore focused on estimating the time required to transport non-adsorl>ed chemicals, such as �c and 
N�-. through the vadose zone to the water table. Data taken from a drilled borehole C4191 near the 
center of trench B2 16-B26 (Scrne and Mann 2004) were compared with model simulations based on 
known inventory ( discharge volume and concentrations) and estimated recharge rates for the BC trench 
site. 

3.1 Transport Under Steady-Flow Conditions 

An analytical solution to the COE was used to examine the rate at which a finite amount of a contaminant 
initially present in the soil either accll1lllllates at the surface or leaches downward under steady-state flow 
conditions. In this analysis, expressions derived by Elrick et al. ( 1 997) are used to descnbe the spatial 
and tetq>oral distnbutions of the resident concentrations of a subsurface Dirac delta function input. These 
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expressions can take into account linear adsmption and first-order decay as well as the effects of a depth­dependent water-content distnbution that is assumed to be invariant with time. Equations for the equilibrium distribution near the swface during evaporation and for movement toward the water table are used to descnbe the behavior of finite amounts of the contaminant initially present in the system 
Use of this model requires certain s�lifying asswq,tions: 1) the soil colunm is semi-infinite, 2) the transport and chemical properties of the soil are homogenous and isotropic, 3) the initial distnbution of contaminant in the soil is non-uniform and given by f(z), 4) the flux density of water is constant, 5) the water content can either be constant with depth or a function of depth, 6) the solute flux is zero at the soil surface and therefore no chemical is lost by evaporation, 7) there is no preferential flow, and 8) where appropriate, constant linear adsorption and first-order chemical decay are assumed. 
3.1.1 Solution for Contaminant Inventory at Depth, h 

For an initial (t = 0) depth distnbution of contaminant given by 
CR (z,O)= /(z); z2:0 (3. 1) 

the solution to the COE can be derived in term; of a reduced resident concentration, ft-"> =CR I ACL , where Aa. is the area under the CR versus depth, CR(z). CR is the resident solute concentration as a function of depth z at the time of saiq>ling, i.e., t=O, in pCi/m3 or µg/m3
• By defining the initial distnbution in term; of f(z) = /i..z-h ), the probability density function of the resident concentration for-a soil in which the water content is constant with depth is given by Elrick et al (1997). 

In Equation (3.2) 

J;<'-•> . J .. J - (z - h -vt/ ] 
R 2,/tr D,, t -1_ 4D.t 

1 1vz (z + h + vt/ ] + --== ex -2.J1r D., t D,, 4Dllt 

_ __!_ .. J �)erfc[ z + h + vt] 
2D. """1-\_D,, 2..Jfi:i 

h = mean depth of the contaminant spike D. = longitudinal hydrodynamic dispersion coefficient 
z = depth from the surface 
h = depth of the contaminant plwne v = pore water velocity 
t = time. 

For spatially invariant water content, the spatial components of hydrodynamic dispersion coefficients include dispersive and diffusive elements and are given by 
D. =a

,,
v+D

,. 
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where a., is the dispersivity in longitudinal direction, and D,,, is the molecular diffusion coefficient. 
Spatially invariant water-content profiles are seldom found in field soils. Thus, for such conditions, Emck et al. (1997) derived a solution to the COE for variable 0(z) by transforming the space variable in the COE to a water-storage term and the time variable to q*t. These transformations gave rise to an equivalent dispersion coefficient, 

• [ 12 - 2 D =t0(z) ·D=0 D (3.4) 
where iJ is the average water content, and D* is asswned to be constant. A more general solution for the steady-state distnbution given a depth-dependent water content, 0(z), is then given by 

<6-•> O(z) [-(£0(z)dz -J:0(z)dz- qtr ] 
JR 2 � exp 4D t v7ru,. t z 

+ O(z) exp[
q 1 O(z)dz (r O(z)dz+ 1 O(z)dz+ qt r] 2.J1r D,. t D,. 4D"t 

_ O(z)q ap(
q 1 O(z)dz

]eif

l (r ll(z)dz +  r O(z)dz+qt)' ] 
2 

D_. D_. . l 2 .Jiij 

(3.5) 

In Equation (3.5), 0(z) is the volurnetri� water content as a function of depth, z; and q is the constant flux density of water. The remaining variables are as defined above. 
3.1.2 Accumulation of Contaminant Under Steady EvaporatioJ At long times, as t ➔ oo, oCilcit ➔ 0, and the CDE reduces to 

The solution to Equation (3.?) is given by 
CR - l'c6_,.> _ v ( vz )  - -JR ---exp -
Aa, D. D. 

(3.6) 

(3.7) 

Equation (3.2) also reduces to Equation (3.5) for t ➔ oo, giving the equihbriurn distnbution of contaminant as a function of depth. Under steady evaporation, v is negative, and the upward convective flow counteracts the downward dispersion. The resulting distnbution is controlled solely by the ratio 
vlD.. For a depth-dependent water-content profile, 0(z), the applicable relationship is given by 3.3 G-25 
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(3.8) 

3.1.3 Concentration Crossing the Water Table Based on an Arbitrary Initial Distribution The concentration crossing a co111>liance plane at depth z, defined by the water table, is equivalent to a flux concentration and is derived from the resident concentration pdf using the following relationship (Jury and Roth 1990): 
Thus, the ti, can be expressed as 

rf6-I,) _  CF _ 
IF - -

Acr 

r ;;;; r - D. fJJR 
J F  J R  V & 

V e.xpT-(z- h-vtYJ V e.xpr� (z+ h+vtYJ 4.Jzr D,. t l 4D,.t 4.Jzr D11 t l D,. 4DJ 
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(3.9) 

(3. 10) 

where Acr is the area under the C(t) curve. For the depth-dependent water-content profile, the equation for the flux concentration .crossing a .coff1)liance plane at .depth z is then given by 
1::-lt) = CF = 

Acr 
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Having defined the probability density functions for the different conditions, the convolution solution is defined simply as 

C(z,t)= I: C;(h,O) j/4-">(z, t, h)dh (3.12) 
where C;(h,O) is the initial distnbution of contaminant inventory in the soil at time t = 0 (time of Safl1)1ing) and /?-"> is the probability density function of the resident (i-:c R) -or flux (i-= F) concentrations defined in Equations (3.2) and (3 .5) and in (3.10) and (3.11). With this convolution approach, potential impacts to the groundwater can be easily determined for arbitrary inventory distnbutions and steady-state water-content profiles. The probability density functions given in  Equations (3.2) and (3.5) and Equations (3.10) and (3.11) form the basis of analytical solutions for more coiq>lex inventory distnbutions that can be obtained by convolution. Depending on the complexity of the initial distnbution, the solution of the convolution integral may be obtained by analytical or numerical methods. Thus, convolution can be used to quickly estimate the system response to different i nventory distnbutions and parameter sets. It should be noted, however, that these relatively si�le solutions are based on the asslJil1)tion of steady flow in very complex natural systems in which flow is typically transient The concentrations predicted at the co111>liance plane are also leachate concentrations and are therefore not representative of the concentration at a receptor well. Concentrations at a receptor well can be estimated through the subsequent application of an analytical groundwater model or the EPA' s soil screening level approach in which a dilution attenuation factor can be used to predict concentrations at a receptor down-gradient of the waste site. 
3.1.4 Spatial Moment Analysis In the absence of complex state-variable models, a particularly useful method for analyzing spatial data is the method of spatial moments. Spatial moments allow a suq,le, physically meaningful description of overall plume behavior, and in contrast to the state-variable models, moments can be predicted with less uncertainty. The absolute nth spatial moment of resident concentration profile, CR(z), is defined as 

The nonnalized nth spatial moment about the mean of the distnbution CR(z), mn, is defined as 
r (z -z)" CR(z)dz mn . J: CR(z)dz 

(3.13) 

(3 .14) 
where the denominator is the zeroth moment, M0, which is equivalent to Aci. The zeroth moment, Mo, is unique in that under conditions when it exists, its value is prq>ortional to the total aqueous phase Ina$S contained in the plume. For tracers, it depends only on the amount of mass injected and the volumetric flow rate; it is independent of the duration of the injection. The first moment, m1, measures the mean location of the plume, which when divided by the mean travel time gives the mean pore-water velocity. The first moment can therefore be used to estimate the mean recharge rate using the following relationship 3.5 
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m q =8 • v= O •-1 
,ff 

,ff t 
(3. 15) 

where Oeff =r
1 fo O(z) dz is the effective water content from the surface to a maxinmm sampling depth, L. 

The second moment, m2, measures the amount of spreading about the center of mass, m1• Higher 
moments (m > 2) can be calculated but traditionally they are avoided because they are difficult to obtain 
experimentally and also to interpret. To characterize the �c concentration profile obtained from the 
C4 191 borehole, the zeroth, first, and second moments were determined 

The convolution solution defined by Equation (3. 12) was used in a two-step approach to evaluate the 
in1>act of the contaminant inventory on groundwater quality. First, spatial moment analysis was applied 
to the � c concentration profile obtained from the C4 l 9 1  characterization borehole to determine Act. and 

to calculate the probability density function, f i6 -Ir> , according to Equation (3. 7). The analysis of the 

spatial moments was then extended to f:_6-"> to locate the center of mass and to determine the amount of 
spreading about the center of mass. The first moment was used to calculate the mean recharge rate, q, 

between the operation of the 216-B-26 Trench and the installation of the borehole. In addition, the data 
were fitted to the convolution model by inverse methods to determine the effective dispersion coefficient 
and por�water velocity. The current water-content profile, O(z), was assumed to be steady and 
representative of an equilibrium condition. Redistnbution of the existing plume, including the time 
needed to reach the water table, was then simulated using the 1-D aBalytical model under .different 
recharge rates and the effect of different remedial options evaluated Travel times for releases to the 
groundwater were calculated as the time at which the center of mass reaches the water table. Analysis of 
steady transport with the analytical convolution solutions was conducted using MathCAD. 

3.2 Transport U oder Transient Flow Conditions 

Simulating the effects of time-varying surface recharge and operation of the trenches required a transient 
flow solution to be executed with the solute transport calculations. The transient flow-and-transport 
sillDllations were initiated using a steady flow solution to the boundary-value problem using the initial 
boundary values. To sin1>1ify the sillUllations, no attempt was made to account for short-term tCIIl)oral 
variations in recharge that would result from tell1)ora1 variations in natural precipitation. However, 
recharge rates were allowed to vary between the period before operation of the trenches, during the 
operation of the trenches, and post operation. Solutions for the transient flow-and-transport problem were 
obtained numerically using the STOMP sillUllator in a three-phase approach. 

The first phase was meant to sinrulate the period before construction and operation of the trenches and 
was used to establish the initial flow condition for subsequent simulations. The initial condition was 
obtained by simulating steady flow from time zero to the year 1956 with a constant recharge rate 
representative of the pre-operations phase. The sinndation was executed as a transient sinmlation starting 
from a unit-gradient initial condition to a steady flow condition in which the surface recharge rate was 
assumed to be constant. Establishment of the initial condition focused only on the subsurface distnbution 
of water as it was assumed that the contaminant inventory of the radioactive COCs was zero. 
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In the second phase, the steady flow solution was used as an initial condition for the six transient flow and solute transport cases investigated in this study. To best represent conditions at the site, the transient simulations were simulated in two stages. In the first stage, flow and solute transport were simulated with opened trenches that were subject to natural precipitation. In this stage, nodes representing the trenches were inactive, and the required boundary condition was applied over the trench bottom The second stage represented the period after trench operations following backfilling of the trenches. During this stage, the inactive trench nodes were converted to active nodes with a material type identical to that surrounding the trenches. 
Simulation results were written to three types of output files: I)  files echoing the input and reference node file, 2) a series of plot files to allow tracking of the time history of the plume, and 3) a series of surface­flux files to track the flux of water and contaminants across the water table. The echo of the input.and reference node file contains a translation of the input files as interpreted by the sinrulator (e.g., with unit conversions) and a time sequence of the simulation history and chosen variables ( e.g., aqueous pressure, moisture content, solute concentrations, Darcy fluxes) at selected grid locations. Plot files contain variable data for all grid points at selected simulation times. These files are used to generate color-scaled plots and animations through Tecplot <a> A utility program, PlotTo.pl, was used to translate STOMP plot files into Tecplot-formatted input files. Surface-flux files contain rate and integral information about fluxes crossing user-defined internal or external boundaries. Solute fluxes and aqueous fluxes across the water table are used to .calculate ava:age solute concentrations and.source.rates . .Surface-flux files are also used to generate rate and integral plots of solutes exiting the computational domain and entering the groundwater. A utility program, SuifaceT.pl, was used to translate STOMP surface-flux files into formatted input files suitable for plotting. The steady flow and tramient simulations were executed on a · Linux workstation. For co�atibility between platform;, the input, zonation, and inventory files were maintained as ASCII formatted files. 
3.3 Solution Domain The physical domain considered for the simulation is a 2-D north-south cross section through trenches 2 I 6-B-52 at the north to 2 I 6-B-28 to the south. This section, which is equivalent to section Q' -Q" in Recht et al. ( 1978) .provided the .gross stratigraphy for the site. Small-scale heterogeneities were derived from grain-size distnbutions used in conjunction with high-resolution neutron logs from smrounding boreholes. The physical domain was first discretized using a Cartesian grid with variable horizontal and vertical spacing. On average, grid blocks were on the order of I m, but were reduced to as little as 0. 15  m in fine-textured lenses and at layer interfaces. 
Two types of input are required for STOMP simulations: I) a sinmlation control and soil material definition file and 2) a zonation file describing the site stratigraphy. The data required to generate these files were derived from a nuni>er of somces. Soil zonation was inferred from grain-size analysis of suq>les from the C4191 borehole, from the geologist's description of grab satq>les, and visual ob.servation o_f_bigh-::r.esolution grab-:satl1)le phot�. These methods Jed to the .identification .of six.major textural classes for the site. Inevitably, this approach resulted in a layer-cake model with the thin intercalations extending to the domain boundaries. To overcome the limitations of such a stratigraphic model, we made use of geostatistical sinrulation techniques. 
(a) Amtec Engineering, Inc. 2002. Tecplot, Version 9.0. Bellevue, WA 3.7 G-29 
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The conditional probability distnbution of the soil water content within the computational domain was 
. estimated from a series of equi-probable realizations. generated by stochastic simulation The sequential 
Gaussian simulation routine SGSIM from GSLIB (Deutsch and Journel 1998) was used to generate a set 
of realizations of volumetric water content on a 70 by 13 17 node mesh of the computational domain The 

. parameters of the variogram �odels developed for the 299-E24-1 l l Experimental Test Well (Sisson and 
Lu) Site located in the eastern section of the 200 Area Plateau of the Hanford Site were used as input in 
the sequential Gaussian simulation. The variogram model for the 299-E24-1 l l site show that the 
maximum direction of continuity was in the northeast direction (22.5 degree) with a range on the order of 
100 m The southeast direction (112.5) showed a trend and a nuch shorter range of about 15-20 m 

The field-measured water contents were asswru:d equivalent to the specific retention, which is controlled 
by texture. These data were used to estimate grain-size statistics, which were in turn used to estimate 
hydraulic properties for the six soil classes using pedotransfer functions. These properties were then 
converted to the appropriate input information from the STOMP input cards. Graphical representations of 
the stratigraphy and trenches were converted to soil zonation maps based on a tilted Cartesian grid 
Transport property data for the mobile COCs and the eight major textures were also converted for 
inclusion in the STOMP input cards. The conceptual model was completed by converting boundary 

conditions and sources into a form that could be used by the model for controlling execution intervals and 
output generation 

TC111Joral variations in natural surface recharge and discharges to the trenches required a transient flow 
solution to be executed with the transport calculations. The transient simulations were: initiated usip.g a 
steady flow solution to the boundary value problem using the initial boundary values. This approach 
neglected time variations in surface recharge before the start of the simulation The pre-operations 
condition was simulated as a transient flow problem, starting with a unit-gradient initial condition, which 
was run out to a time where flow became steady at the recharge rate of interest. In general, running the 
model from year zero to the year 1945 was sufficient to achieve steady flow conditions. These conditions 
are taken to represent site conditions before the trenches were installed Solute transport was ignored in 
this phase of the simulation, and contaminant concentrations were assumed to be zero. 

The steady flow solution was then used as an initial condition for the 5 transient flow and solute transport 
cases analyzed in this study. Simulations were conducted in two stages. In the first stage, flow was 
simulated with the trenches opened In this stage, nodes representing the trenches were inactive and 
recharge was applied directly to the trench bottom In the second stage, once waste discharges ceased, the 
trench nodes were converted to active nodes with a material type identical to that surrounding the 
trenches. 

Sinmlation results were written to three types of output files: 1) a reflected input and reference node file, 
2) a series of plot files, and 3) a series of surface-flux files. The reflected input and reference node file 
contains a translation of the input files as interpreted by the simulator (e.g., with unit conversions) and a 
time sequence of the simulation history and chosen variables (e. g., aqueous pressure, moisture content, 
solute concentrations, Darcy fluxes) at selected grid locations. Plot files contain variable data for all grid 
points at selected simulation times. A number of utilities were developed in-house to convert STOMP 
plot files into specially· formatted input files for graphical presentation using commercial software tools 
(Tecplot). These files were used to generate contour plots of the primary variables. Surface-flux files 
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contain rate and integral inf orrnation about fluxes crossing user-defined internal or external boundaries. 
Solute fluxes and aqueous fluxes at the water table were used to calculate average leachate concentrations 
and source rates out of the vadose zone into the water table. Surface-flux files were also used to generate 
breakthrough curves at a hypothetical receptor well 1 00  m south of the 21 6-B-28 trench. 

3.4 Model Parameterization 

No measurements of flow-and-transport parameters were available for the BC Cnb site, and no smq:,les 
were collected to determine these parameters during the sa111>ling phase. Meteoric recharge and 
parameters for vadose zone flow and transport were developed by PNNL based on published site data and 
experiments conducted onsite. Flow-and-transport parameters were assigned based on the similarity 
between grain-size statistics of the different soil textures at the site and at previously characterized sites. 
These parameters (Table 3. 1 and Table 3.2) and the rationale for their selection are presented below. 

3.4.1 Recharge Rates 
. . 

Groundwater recharge is representative of the soil water flux through a waste zone to the water table and 
thus strongly impacts estimated rates of contaminant leaching and remobilization that may occur. 
Understanding the recharge process and the conditions under which it occurs is therefore of critical 
importance to evaluating contaminant fate and transport. In general, only a few nnllirneters or less water 
will move beyond the root zone of vegetated semi-arid and arid ecosystems each year. Nevertheless, 
recharge on the Hanford Site is quite variable, ranging from 50 to 100 nun yr·1 on bare surfaces to less 
than 0. 1 nun yr·1 on surfaces vegetated with shrubs (Fayer and Szecsody 2004; Last et al. 2004). For the 
pre-Hanford period, the plant conmunity was assumed to be sagebrush, and a recharge rate of 3.5 mm'yr 
was used This is slightly less than the 4.2 mm yr·1 derived from Burbank loamy sand at a site 1 km north 
of the ILAW site (Prych 1998). 

The actual recharge rates for the BC trench site during operations is unknown but may be estimated from 
the transport behavior of� c using a combination of spatial moment analysis under the asslffl1)tion of 
steady-state transport. The �c profile, which represents a resident concentration, CR(z), was first 
integrated over depth to determine Aa, and to calculate the probability density function, f?-"> . The 
normalized nth spatial moments were then calculated according to Equation (3.14). The first moment, m1, 

which locates the center of mass, was then used to estimate the travel time and recharge rate according to 
Equation (3.15). The effective water content in Equation (3. 15) was calculated by integrating the 
laboratory-measured 0(z) from the surface to the base of the �c plume, which was assumed to be at 
53.34 m Table 3. 1 summarizes the estimated recharge rates based on the moment analysis method. 

Table 3.1. Estimated Recharge Rates Based on the "Tc Profile 

Plume 
Intact 
Trailing 
Leading 

Mean 
Depth (m) 

33.778 
29.838 
39.674 

At (yrs) 
47.016  
47.016  
47.01 6  

3".9 
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q 
v (m'yr) 8.n(nfm-3) mm/yr 
0.7184 0.0910 65.3784 
0.6346 0.0910 57.75 15 
0.8438 0.0910 76.7899 
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Estimated recharge rates range from 57. 7 mm yr-1 to 76. 79 mm yr-1 for the deconvolved plume and ·equaled 65.3 78 mm yr-1 for the intact plume. It is unlikely that the bimodal nature of the plume resulted from a superposition of different input pulses. The layer sequence in the plume constitutes a capillary break; thus, the plume separation is most likely due to a decrease in suction to a value less than the water 
entry pressure of the coarse layer after the leading edge passed This would have effectively stopped the further downward migration of the trailing section. If this is the case, the recharge rates from the deconvolved plume would be best for estimating the mean recharge rate during operations. Thus, the estimated recharge rate during trench operations is 77 mm yr-1, rounded up from the 76. 7899 mm yr-1 in Table 3. 1 .  
The recharge rate after trench closure is also unknown. It is likely that vegetation would not have been allowed to become established Site data for unvegetated Hanford sand contained in a 7.6-m-deep lysimeter suggest an average rate of55.4 mm yr-1 (Fayer and Walters 1995; Fayer and Szecsody 2004). Data from the Hanford barrier show an average recharge of 27 .6 percent of annual precipitation from sparsely vegetated side slopes. A rate of 22.3 mm yr-1 is chosen for the period 1958 to 1982 when the trenches were stabilized This was based on observations of decreasing drainage from a sparsely vegetated side slope at the prototype Hanford Barrier reported by Fayer and Szecsody (2004). Recharge after remediation and closure of the site will depend on the chosen remedy. Depending on the remedial action, recharge rates could range from the post-operational 22.3 mm yr-1 in a no-action alternative to less than 0.5 mm yr-1 for a multilayered capillary barrier such as the Hanford barrier. 
3.4.2 Flow-and-Transport Properties Hydraulic properties were estimated based on similarities in grain-size statistics (mean grain size and sorting index) between sediments at the BC Cnb site and other characterized sites at Hanford using pedotransfer .functions. .Grain-size distnbutions were obtained from the ROCSAN database while measured hydraulic properties were obtained from databases for the immobilized low-activity waste (Il,A W) and Sisson and Lu sites. Fluid flow parameters for the vadose zone include soil-moisture-retention characteristics and saturated hydraulic conductivity. Variable or saturation-dependent anisotropy provides a framework for simulating the effects of saturation on lateral spreading. A recently .developed model for saturation-,dependentanisotropy attnbutes differences in direction permeability to directional differences in tortuosity and pore-connectivity. The connectivity parameter (L) for the different sediments was derived from centrifuge measurements made on undisturbed directional cores. 
Table 3.2 lists the estimated Brooks-Corey parameters for the various strata and the aquifer at the BC trench site. The results of .grain-size statistical analyses were used in pedotransfer functions developed for published hydraulic properties to predict properties on a resolution of 3 inches. Solute transport parameters include bulk density, diffusivity, sorption coefficients, and macrodispersivity. Bulk density for the different sediments was also derived from pedotransfer functions. Aquifer hydraulic parameters were assumed to be similar to those identical to those under the B, BX, and BY Tank Fanm and used in the simulations for the field investigation report (Freedman et al 2002). The saturated hydraulic of the aquifer was assumed to be invariant with a value of 1615 m'day in the horizontal direction and 16 1 .5 m'day in the vertical direction. The saturated water content was also assumed to be spatially invariant with a mean value of 0.2688 m3 ni3

• Aquifer parameters are shown in Table 3.3. 
3. 10  G-32 
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Table 3.2. Estimated Brooks-Corey Parameters for the V�ous Strata at the BC Trench Site 

Mean 
Diameter •• 

USDA Texture Class (mm) e. 8r 8r (cm) Sand 0.6713 0.437 0.020 0.046 15.98 Loamy Sand 0.4357 0.437 0.035 0.080 20.58 Sandy Loam 0.2068 0.453 0.041 0.091 30.2 Loam 0.0576 0.463 0.027 0.058 40. 12  Silt Loam 0.0293 0.501 0.015 0.030 50.87 Sandy CJay Loam 0.0915  0.398 0.068 0. 1 71 59.41 Clay Loam 0.0292 0.464 0.075 0. 162 56.43 Silty Clay Loam 0.01 29 0.47 1 0.04 0.085 70.33 

Table 3.3. Aquifer Parameters for the BC Trench Site 

Parameter Aquifer Hydraulic Conductivity Effective Porosity Hydraulic Gradient Groundwater Velocity Aquifer Thickness Dispersivity 
3.4.3 Bulk Density and Distribution Coefficient 

Value 1,615 m'day 0.26 0.001486 0.24 m'day 
S m  I.O m 

K. 
.a. cm'hr 0.69 21 .0 0.55 6. 1 1  0.38 2.59 0.25 1 .32 0.23 0.68 0.32 0.43 0.24 0.23 

0. 18 0.1 5  

Both bulk density (Pt,) and the distnbution coefficient (Kc!) estimates are needed to calculate retardation factors for different COCs. The effective, field-scale estimate for the distnbution coefficient was derived by calculating the average of the small-scale laboratory measurements (Cantrell et al 2003). The primary COCs in this study are �c and NOJ. with the behavior of�c being redox sensitive. Under oxidizing conditions, �c exists as the soluble heptavalent pertechnetate ion, Tc04-. Owing to its negative charge, pertecneta� is highly mobile in soils and groundwater and is known to show anion exclusion effects (Lieser and Bauscher 1987; Zhuang et al 1988; Schroeder et al. 1993). The existence of oxidizing conditions, however, does not necessanly result in high mobility. In a study of�c transport in unsaturated Chinese loess under artificial recharge, Liu et al (2001) reported a slight retardation relative to 3H. An average retardation coefficient of 1 . 1 4  ± 0.23 corresponding to an apparent distribution coefficient of 1.98 ± 0.42 x 1 0-2 mL g-1 was calculated for the medium In generd.1, sorption ratios for natural sediments are of the order of0. 1 mL g·1• Under reducing conditions and in the absence of COil1)1exing agents, the tetravalent Tc(IV) ion dominates (F_rancis et al. 2002). In this oxidation state, �c is relatively .immobile and can fonn highly insoluble 3. 1 1  G-33 
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minerals like Tc02, as well as strong complexes on Al, Fe, and Sb oxides as well as clays (Lieser and 
Bauscher 1987; Meyer et al. 1991 ;  Haines ct al. 1987; Zhaung ct.al. 1995). 

While these findings provide bounds for K.i values that can be used in a sensitivity analysis of fate and 
transport, there is no current evidence to .support .the sorption of�c in Hanford sediments. Thus, a 
K.i = 0 mL g·1 was assumed for this study. The field-scale estimate of bulk density was calculated as the 
average of small-scale estimates derived using pedotransfer functions. Effective large-scale estimates of 
bulk density are listed in Table 3.4 for the different soil types. 

3.4.4 Diffusivity and Dispersivity 

Effective, large-scale diffusion coefficients for the different tex�es were assumed to be a function of 
volumetric moisture content, expressed with the Millington and Quirk (1961) empirical relation, as shown 
in Equation (3 . 16): 

10 

8 3  
De(6)= D,,

a2 • 

where De = effective diffusion coefficient of an ionic species 
D

O 
= molecular diffusion coefficient for the species in water 

0 _; water content 
05 = saturated water content. 

(3. 1-6) 

The molecular diffusion coefficient for the different species in pore water was derived from literature 
values (Kemper 1986). In the STOMP model, .dispersivity estimates are needed for all COCS. Owing to 
the hierarchical nature of heterogeneity that exists in natural soils, it bas been suggested that dispersivity 
is dependent on the scale of observation (Beven et al. 1993). There are very few data for Hanford 
sediments, especially at scales relevant to the current problem Recent field experiments resulted in the 
estimation oflongitudinal and transverse dispersivities at the Army Loop Road site, but transport 
distances were limited to a maximum of l m (Ward and Gee 2003 ). Table 3.4 presents a summary of the 
texture-dependent values oflongitudinal dispersivity recently reported by Perfect et al. (2002). In general, 
dispersivity increased as the soil textured became finer and as the Brooks-Corey pore-size distnbution 
index. A, decreased 

3.12 

G-34 



DOE/RL-2004-66 DRAFT A 

Table 3.4. Estimated Dispersivity for Different Textural Classes 

USDA Texture Class a.LCml a-r(m) 
-Sand 0:0073 -0.-00073 

Loamy Sand 0.0154 0.00154 

Sandy-Loam 0.0291 -0.00291 

Loam 0.0516 0.00516 

Silt Loam 0.0753 0.00753 

Sandy aay Loam 0.0291 0.00291 

OayLoam 0.0516 0.00516 

Silty Clay Loam 0.0681 0.00681 

In heterogeneous soils, the variation of velocity at the field scale tends to be much larger than at the local 
scale. Thus, dispersivity should be small compared to the field-scale dispersivity. An estimate offield­
scale.dispersiv.ity was der.i:v.ed .from.the.observed �c .distnoution.by fitting .the.concentration .data .to 
Equation (3.2). As with hydraulic properties, local-scale longitudinal dispersivities were estimated from 
grain-size statistics using the data from Perfect et al (2002). The dispersion process is characterized by a 

local dispersion tensor, D, which is related to the longitudinal and transverse local dispersivity, <Xi and a,, 
respectively (Bear 1972). Transverse dispersivities were assumed to be 10 percent of the longitudinally 
v.alues. Effecti:v.e longitudinal .and .trans.verse .field-scale.dispersiv.ities, .applicable .to .both 99Tc.and N03, 

were estimated by fitting the observed �c concentration profile obtained from the C419l borehole to an 

analytical solution of the CDE, assuming 1-D advection and 2-D dispersion. The resulting values 
represent effective values that reflect the total contnbution of the various layers. 

3.5 Input File Generation 

Two types of input files were used to drive the STOMP simulator: 1) a sinmlation control file and 
material definition (input) and 2) a soil zonation file (zonation). All input files were written and stored in 
ASCII text format The simulation control and material definition input files were assembled using a 
conventional text editor, whereas the zonation file was generated with a utility program 

3.5.1 Input File 

--As described in the STOMP User'-s-Guide- (White and-Oostrom 2000), -the input file is-divided into cards 
that group comtnon data (e.g., solution control, hydraulic properties, output control, boundary conditions). 

3.5.2 Zonation File 

The zonation- file is -an ordered listing ( ie., -i;j;k indexing) - of-integers that identify the rooklsoil type -for 
every grid cell in the computational domain. Inactive nodes were assigned an integer value of zero, and 
rock/soil .types were.assigned nuni>ers -in accordance with the .ordered .listing of.rock/soil .types -in the 
rock/soil zonation card of the STOMP input file. A single zonation file was created for all simulation 
cases to cover a 3-D computational domain. The computational domain extended from the area south of 
Trench 216-B-28, bounded by Well 299-E33-19 north through 216-B-23 to Well 299-E 13-8, located 
north of Trench 216-B-52 (Figure 3.1). 

3. 13 
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The domain was bounded on the south by Well 299-E13-12 and on the east by Well 299-El3-51. Thezonation file was generated using information from the geologist's descriptions of borehole cuttings andgeophysical logs. The domain consists of 78 nodes in the x-direction; 71 in the y-direction, and 1322 inthe vertical, giving a total of 7,321,236 nodes. The computational domain extended over a distance of200 m in the west-to-east direction, and 250 m in the north-south direction. The stratigraphy at this siteshows extensive layering resulting from an alluvial depositional environment. The water table is locatedat 103.17 m below the surface and a 5-m thick confined aquifer was assumed beneath the water table.Thus, the vertical extent of the computational domain was set at 108.17 m The vertical spacing in thecurrent model is 0.075 mi, but can be increased by upscaling the properties.

/

x

i0o
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5731500 3305

b /3lot 134 1005 AIT11

Figure 3.1. Three-Dimensional Simulation Domain for the BC Trench Site

The color-coded contour plot of the zonation file for the 2-D domain east-west transect is shown inFigure 3.2. This transect dissects the 216-B-26 Trench and runs parallel to the adjacent trenches. Thesize of this domain is 78 nodes in the x-direction and 1322 in the vertical, giving a total of 103,116 nodes.A similar plot for a north-south dissecting the series of trenches is shown in Figure 3.3. This domainconsists of 71 nodes in the y-direction and 1322 in the vertical direction, giving a total of 93,862 nodes.Both plots represent the current cross section with the trenches backfilled and covered with "top soil"used for stabilization as described in the waste information data system.
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Figure 3.2. Two-Dimensional Simulation Domain From an
East-West Transect Through the 216-B-26 Trench
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Figure 3.3. Two-Dimensional Simulation Domain From a
North-South Transect Through the BC Trench Site
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3.5.3 Boundary Conditions 

In all of the simulations, a no-flow boundary was :itq>osed at the bottom of the domain, representing the 
base of the 5-m thick confined aquifer at 108. 17  m Owing to observation of water leaving the monitored 
domain .at .the299-.E24-JJJ .le$.t..Sit.e v.ia the .fine-:tn.tw-.edlaym .{Figure2.5), .the.horizo.ntal .scale of the 
modeling domain was increased by 200 m on the side boundaries (north, east, south, and west). These 
boundaries were designated as zero-flux boundaries for water flow and solute transport. For the_2-D 
north-south transect, groundwater was assumed to flow in a southerly direction under a gradient of 
1 .486· l 0·3 m'm Thus, the south boundary of the aquifer was treated as a hydraulic gradient boundary 
that allowed water and solutes to flow out. The north boundary of the aquifer was treated as a Neumann 
boundary with a steady influx of water at a Darcy velocity of 0.24 m'day. 

3.5.4 Source Terms 

The source terms consisted of fluid and C011taminant discharges to the series of trenches during trench 
operations. Estimated fluid volumes and inventory are defined by the median values predicted by the 
Sll\11 model run for August 18, 2004. The time ·history of fluid discharges and inventory are summarized 
in Table 3.5. Fluid discharges are reported to have started in late 1 956 and ended in early 1 957 for most 
trenches, except for the 216-B-52 Trench, which was operational into 1958. A total of37,044 m3 

(37 million liters) of fluids were applied during the operational period On average, Trenches B-23 
tlrrough B-28 received around 4752 m3, while the Illllch longer B-52 received 8529 m3• 

Table 3.5. 2004 Composite Analysis 10,000-year (Median Inputs) Assessment of Fluid Influx (m3
) 

Fluid Influx by Trench (m�) 
Y.eu- . -B-SZ -B-Z3 B-24 · -B-25 · -B-26 B-27 B-28 

1955 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

1956 4.4931 4519.9 4869.87 4909.9 3842. 19 12. 1091 13.8349 
•. 

1957 1654.39 15.3636 17.3203 0.0 903.448 4407.77 5035.95 

1958 6870.64 0.0 0.0 0.0 0.0 0.0 0.0 

1959 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Total 8529.523 4519.9 4869.87 4909.9 4745.638 4419.879 5049.785 

To facilitate the evaluation of the itq>act fluids and contaminants originating from one trench on another, 
.the flu.ids were.injected.into.each.individual .trench. All fluid releases in.the simulations originated at the 
base of the trench, and no ponding was allowed. The injection rate for input into STOMP was calculated 
by dividing the injection rate by the number of nodes covering the source area. The rate per unit linear 
length of trench was then divided by the number of nodes (n = 6) extending over the width of the trench 
bottom to generate the source strength for each node. The resulting nodal source strengths and duration 
of the source are sunnnarized.in Table 3.6 for each trench. Exact start dates and times are currently 
unknown, so start and end dates were set at the beginning and end of the reported months. 

3 . 16  
.G-38 



DOE/RL-2004-66 DRAFT A 

Table 3.6. Summary of Nodal Fluid Source Strength and Duration 

Length Start End Duration Rate �. 

Trench (m) Date ·Date (day) Vol (m) (of/day) (rd/day) 
216-B-52 176.78 12/01/57 01/01/58 3 1  8529.523 275.1459 0.25941 

216-B-23 152.40 10/01/56 10/3 1/56 30 -4519.9 150.6633 0.16477 

216-B-24 1 52.40 10/01/56 1 1/01/56 3 1  4869.87 157.0926 0.17180 

216-B-25 152.40 1 1/01/56 12/01/56 30 4909.9 163.6633 0. 17898 

216-B-26 152.40 12/01/56 02/01/57 62 4745.638 76.5425 0.08371 

216-B-27 152.40 02/01/57 04/01/57 59 4419.879 74.9132 0.08193 

216-B-28 152.40 04/01/57 06/30/57 90 5049.785 56. 1087 0.06136 

All contaminant inventory was assumed to be dissolved in the discharged fluids; thus, the time history is 
identical to that of the fluid releases. The 99yc inventory generated by the SIMS model for the operation 
period totaled some 128. 74 Ci while the total -nitrate inventory was estimated at 6. 7 million kg. For solute 
sources, STOMP requires specification in tenm of a mass per unit time per source node. Thus, a 
procedure similar to that med for the fluid was �ed to calculate the solute density for the input file. The 
total inventory for each COC was first divided by the linear length of the trench to give a mass rate per 
unit length of trench. This rate was then divided by the m.1ni>er of nodes (n = 6) extending over the width 
of the trench bottom to generate the solute density for each node. The resulting node densities for �c 
and N�- as well as the duration of each injection are summarized for each trench in-Table 3.7. 

Table 3. 7. Summary of Nodal Solute Strength and Duration for Contaminant Inventories 
Based on the 2004 Composite Analysis 10,000-Year (Median Inputs) Assessment 

mu No; 

Length Start End Duration •u Rate "'Tc "'Tc Rate NO; Rate 
Trench (ml Date Date (day) (Ci) (Cl/day) (Cl) (Cl/day) (kg) (kg/day) 

216-B-52 176.78 12/01/57 01/01/58 3 1  0.0654 1 . 19E-05 25.504 4.65E-03 l .28E+-06 2.34E+o2 

216-B-23 1 52.40 10/01/56 10/31/56 30 0.0371 8 .l0E-06 15.364 3.36E-03 8.02E+05 1 .75E+02 

216-B-24 1 52.40 10/01/56 1 1/01/56 3 1  0.0355 7.52E-06 18.109 3.83E-03 9.59E+o5 2.03E+o2 

216-B-25 152.40 1 1/01/56 12/01/56 30 0.0359 7.85E-06 1 8.310 4.00E-03 9.67E+o5 2.l lE+o2 

216-B-26 152.40 12/01/56 02/01/57 62 0.0375 7.62E-07 17.510  l .86E-03 9.28E+o5 9.82E+ol 

216-B-27 1 52.40 02/01/57 04/01/57 59 0.0323 3.59E-06 16.484 1 .83E-03 8.71E+o5 9.69E+ol 

216-8-28 152.40 04/01/57 06/30/57 90 0.0408 2.98E-06 7.3678 l.27E-03 9. 16E+o5 6.68E+0l 

3.6 STOMP Execution 

Owing to the size of the 3-D computational domain (71 x 78 x 13 17  =7,293,546 nodes), STOMP 
transient simulations of field-scale flow on this domain were conducted on the Environmental and 
Molecular Sciences Laboratory's (EMSL's) MPP2 super computer. Two-dimensional transient flow 
sinmlations were performed with STOMP77 on a Linux workstation while the 3-D simulations were 
performed on STOMP90 on EMSL's MPP2 computer. In both cases, the executable form of the code 
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was generated from the source code that is under version control by PNNL. Executing the simulator was a three-step process. First, the input file was used to generate a parameters definition file containing the infonnation necessary for dimension arrays and to allocate memory. Next, the source code was co111>iled and linked using the previously generated parameters definition file and the appropriate hbraries to generate the executable form of the code. Finally, the co111>iled code was executed with the input file corresponding to the case of interest. 
Simulations with the 3-D domain were made using the parallel STOMP90 with the Portable Extensible Toolkit for Scientific Co111>utation (PETSc) solver. The 2-D sinmlations were done with the serial STOMP77 using the library of iterative methods for sparse linear system; (SPLIB) (Bramley and Wang 1995) iterative linear system solver. The SPLIB solver is a collection of libraries that nrust be assembled on the executing C0111>uter and linked to the STOMP simulator during compilation. This solver, which is based on the conjugate gradient method, has a COil1)act storage scheme for the Jacobian matrix and is preferable to the direct band solver for problems over 35,000 nodes. In the typical sinmlation, the STOMP sinmlator reads a series of input files and generates an output file, surface flux files, and a series of plot files. 
3. 7 Soil-Screening Process Simulated concentrations of residual soil contaminants must be evaluated to determine if the contaminants will eventually migrate to the underlying aquifer. For such an analysis, the EPA recommends the use of soil-screening levels (SSLs ). The EPA' s final soil-screening guidance can be found in EPA (1996; 2000). The EPA's methodology relies upon using suq,lified contaminant fate-and­
transport equations to determine a threshold value, the SSL, for a contaminant of concern in the soil. The SSLs are intended to correspond to levels of radionuclides in soil such that MCLs will not be exceeded in the underlying ground water beyond the edge of the waste area. Thus, if the SSL is not exceeded by the waste-site soil concentrations, then under the COiqll'ehensive Environmental Response, Co111>ensation . and Liability Act of 1980 (CERCLA), there is no concern for remedial actio� 
The concept of the SSL is relatively easy to understand and apply. As conta�ts move through the soil and beyond the water table entry point, they are subjected to physical, chemical, and biological processes. These processes include adsorption onto the porous medium, chemical tramformation, biological degradation, and dilution due to mixing of the leachate with ground water. These processes typically reduce the concentration of contaminant concentrations at a receptor point such as a drinking water well down stream of the source. The reduction in concentration can be expressed through the dilution attenuation factor (DAF). The DAF is essentially the ratio of contaminant concentration in  leachate out of  the vadose zone to �e concentration in ground water at the receptor point. The underlying assUil1)tions in the screening process include 1) the conceptual site model is well developed, 2) site­specific data required by the model are available and meet data quality standards, and 3) the unsaturated zone model for radionuclide migration is properly applied. 
The SSL methodology was designed for use during the early stages of a site evaluation when infonaation about subsurface conditions may be limited and is therefore quite conservative. In addition, the following assUil1)tions are made: 1)  equilibrium between contaminants and soil/water is instantaneous, 2) the adsorption isotherm is linear with concentration, 3) volatilization is negligible, 4) contaminants are homogenous at the source, and 5) the receptor is located at a hypothetical well downstream of the waste 3 . 18 
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site, and (6) the system is isotropic. Because of this constraint, the methodology is based on Slll1Jlifying 
asswq>tions.about the release and transport of contaminants in the subsurface. Using SSLs based on 
silq>le models could lead to higher costs for additional site characterization or could lead investigators to 
use a more detailed and often more crnq,lex vadose zone transport model Such detailed modeling may 
ultimately lead to a less restrictive, but stiII protective, SSL. 

Both modeling approaches descnbed above can be used to predict contaminant concentrations as a 
function of time (breakthrough curves) of the COCs.entering the groundwater, the required input for the 
soil screening process. The predicted concentrations are then used to estimate groundwater 
concentrations at the receptor point of interest The resulting receptor point concentrations are then 
compared with the acceptable maximum contaminant level (MCL) to determine if the soil concentrations 
at the site exceed the SSLs. Concentrations less than the acceptable groundwater concentrations suggest 
no need for concern for human health and ecology at the site. 

3. 7.1 Soil-Screening Levels 

Two methods can be used to calculate the receptor point concentration using the leachate radionuclide 
concentrations to ground water provided by the unsaturated model One method uses a 
dilution/attenuation factor (DAF) to account for the mixing of leachate with a.rrbient ground water. In 
this study, we used both the simple convolution model and the more corq,lex flow and transport model 
irrplemented in STOMP to calculate the SSLs. With the convolution model, the default value of 20 for 
DAF was used as proposed in the technical background document for SSLs (B_PA 2000). 

According to the BP A method, the basic equation used to calculate the SSL is a modified form of the 
Freundlich equation written as (BP A 2000) 

where SSL = soil screening level (pCi/g) 
Cw

= groundwater .concentration (pCi/L) 
DF = dilution attenuation factor ( ) 
CF = conversion factor, ( 1  kg/lOOOg) 
k.J = soil water partition coefficient (kglL) 
(} = volumetric water content ( m3 m·3) 

p,, = soil bulk density (kg/L) 

A default value of 20 for DAF was proposed in the technical background document for SSLs for 
radionuclides. However, a site-specific estimate that can be used for the convolution model can be 
derived using the following equation: 

(K · i • d) DF =l+ 
l · L  

3. 19 
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where DF = Dilution attenuation factor ( ) 

K = Aquifer hydraulic conductivity (m'yr) 
i = Hydraulic gradient (m'm) 
I = Recharge rate (m'yr) d .= Mixing zone depth (m) L = Source length parallel to groundwater flow (m) 

The mixing zone depth depends on several variables and can be estimated as follows (EPA, 2000) 
d = (2av L)0·5 +da {1 -exp[{-L- /) /(V. · n,. · da )D 

where d = Mixing zone depth (m) 
L = Source length parallel to groundwater flow ( m) a., = Vertical dispersivity (m) da = Aquifer depth (m) 
I =  Recharge rate (m'yr) V. Horizontal seepage velocity (m'yr) n,. = effective aquifer porosity (�rer) 

(3. 19) 

The first term, in Equation (3. 19) estimates the depth of mixing due to vertical dispersivitY, along the length of ground water travel Defining the point of compliance with ground water standards at the down­gradient edge of the source. this travel distance becomes the length of the source parallel to flow L, assumed to be 100 m in this case. Aquifer parameters in Table 3.3 were used to estimate the site-specific dilution factors for use with the convolution model The resulting dilution attenuation factors are summarized in Table 3.8. 

Recharge 
Rate 

(mm/yr) 25.0 3.5 0.5 0. 1 

Table 3.8. Dilution Attenuation Factors for the for Various 
Distances to a Receptor Well at the BC Trench Site 

Dilution Attenuation Factor L=l m L=l0 m L=lOO m 4.96E+03 l.57E+o3 5.00E+o2 3.54E+o3 1 . 12E+o4 3.54E+o3 2.48E+o5 7.84E+o4 2.48E+o4 1.24E+o6 3.92E+o5 l .24E+o5 
L =lOOO m 1.61E+o2 1 .13E+o3 7.84E+03 3.92E+o4 

Use of the STOMP sinrulator for SSL calculation requires rmre site-specific data and a greater modeling effort than using the simple site-specific SSL calculation. Because the model takes into account the complex site conditions and requires fewer ass�tions than using the simple site-specific SSL calculation, it should provide more accurate SSL calculations. Inclusion of a confined aquifer at the base of the simulation domain allowed direct simulation of flow and transport in the saturated zone. Thus, the model was used to calculate the resulting concentration at the receptor taking into consideration the 3.20 G-42 
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processes of advection and dispersion in the ground water. In both methods, the receptor well is assmned to be located 100 m down gradient of the source. 
3.7.2 Steady-State Convolution Solutions Dimensional analysis of the 1-D steady-state convolution solution shows the units of the resident concentration, CR, to be pCi per cubic meter of soil, pCi II\,-3• The units of the flux concentratio� CF, were pCi per cubic meter of soil, pCi 11\,-3• To allow direct comparison with the measured �c profile, sinmlated � values were converted to pCi g-1 of soil as follows: 

(3. 18) 

where Pt, is the dry bulk density of the soil. In the analysis, the mean bulk density for the entire simulation domain is used. To convert the predicted CR to concentration per unit volume of pore water, the fottowing relationship was used: 
(3. 19) 

With this model, the required concentration is predicted directly by the simple convolution solution. Uncertainty in the SSL estimates due to uncertainty in the input parameters can be easily accommodated by incoq,orating probability density functions for the parameters into the solution. 
3.7.3 STOMP Simulations The STOMP simulator requires fewer assUIJ1)tions than the simple site-specific SSL calculation based on the convolution solution.. It also allows consideration of more coiq>lex fate-and-transport processes and site conditions and should result in more accurate SSLs, provided that the input data are sufficient and the model is properly applied. The STOMP simulator does not perform the required calculations directly. Calculation of the breakthrough curves of contaminant concentration at the water table from STOMP simulation results requires some additional processing. Average contaminant concentrations at the water table are calculated by scaling the solute mass flux at the water table with the corresponding water mass flux. Thus, average concentrations at the water table, C.., (pCi/L) were calculated from the STOMP surface flux files as 

C = 
Solute Mass Flux at Watertable(pG/da� 

• Water Mass Flux at Watenable (I/ da� 
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4.0 Identification of Alternatives 

CERCLA § 12 l(b)(l), 42 U.S.C. § 962 l(b)( l), mandates that remedial actions must be protective of . human .health and the �vironment, cost-effective, and use permanent solutions and alternative treatment technologies and resource recovery alternatives to the maximum extent practicable. Section 12 1 (b )( 1) also establishes a preference for remedial actions that employ, as a principal element, treatment to permanently and significantly reduce the volume, toxicity, or mobility of the hazardous substances, pollutants, and contaminants at a site. CERCLA § 121  (d), 42 U.S.C. § 9621 (d), further specifies that a remedial action must attain a level or standard of control of the hazardous substances, pollutants, and contaminants, which at least attains applicable or relevant and appropriate requirements (ARARs) under federal and state laws, unless a waiver can be justified pursuant to CERCLA § 121 (d)(4), 42 U.S.C. § 962 1  ( d)( 4 ). Remedial-action objectives.are therefore specific goals to protect.human health and the environment. These objectives are based on available inforrmtion and standards, such as ARARs and risk-based levels established using the risk assessments. 
A major remedial-action objective of relevance to the BC trench site is to maintain �c levels in  the groundwater at values below the groundwater ARARs. The ARARs for groundwater are 900 pCi/L for �c and 10 mg/L for NOJ·. There are a number of potentially suitable treatment technologies and process options for radiologically contaminated soils that could be applied to the BC trench site to minimize the long-,tenn downstream.transport.of99yc and NCl:3-. These general response actions include: 
• no action • monitored natural attenuation • soil excavation • offsite disposal · • soil washing • in situ vitrification • onsite containment and capping. 
To support the FS, such general response actions must be screened for effectiveness, �lementability, and relative cost. The scope of this study is to screen these alternatives to identify those that would minimize the long-term downstream transport of �C and NCl:3 · through the vadose zone. This limits the analysis to onsite containment and capping. For corq>leteness, the no-action and monitored natural attenuation alternatives are included for coiq:,arison. ht evaluating the possible cleanup alternatives, the goal is to determine the extent of chemical impacts on soil and groundwater; identify underlying soil and groundwater flow patterns, and select the most feasible cleanup alternative. 
4.1 Detailed Analysis The alternatives are analyzed individually against a set of evaluation criteria and then compared against one another to determine their respective strengths and weaknesses and to identify the key trade-offs that nmst be balanced for the site. The results of the detailed analysis are swmnarized so that an appropriate remedy consistent with CERCLA can be selected The results of the detailed analysis are sunnnarized so that the most effective capping strategy can be pursued. 
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4.1.1 No-Action Alternative 

The no-action alternative provides an environmental baseline against which i.tq>acts of any proposed 
action and the alternatives can be compared. The no-action alternative, however, may have 
environmental i.tq>acts. In general, these would include any environmental impacts associated with not 
satisfying the underlying pwpose and need for action In the case of the BC cnl>s and trenches, the no­
action alternative consists of refraining from the active application of any remediation technology to the 
BC trench site. At present, the trench surfaces are bare to sparsely vegetated with no infiltration controls. 
The no-action alternative also assumes no source-control removal action, no infiltration control, no 
revegetation, no administrative actions ( including institutional controls), and no monitoring. A review of 
site conditions would be conducted at 5-year intervals, as required by CERCLA The no-action 
alternative may or may not be a reasonable alternative. It is sometimes coupled with monitored natural 
attenuation, which relies on natural processes to attenuate contaminants in soil and groundwater. Natural 
attenuation may occur at most polluted sites. However, the right conditions nrust exist in the subsurface 
for this alternative to have significant impact on contaminant concentrations. Natural attenuation 
processes may include biodegradation, biotransformation, diffusion, dilution, adsmption, volatilization, 
chemical reaction or destruction, downstream transport, evaporation, and plant uptake. Long-term 
monitoring (monitored natural attenuation [MNA]) could be conducted to confirm that contaminant 
reduction is occurring and that the reduction is achieving remedial action objectives. One sinmlation, 
Case l; was performed to evaluate the no-action alternative (Table 4. 1 ). 

4.1.2 Capping Alternative 

This alternative includes remediation by capping without removing any of the contaminated sediments. 
Capping involves placement of an engineered cap consisting of fine-textured high-storage capacity 
material on top of the contaminated site after placement of a layer of fill. The fine-textured material 
minimizes recharge by storing precipitation until it can be recycled to the atmosphere by plants. This 
alternative would also rely on naturally" occurring attenuation processes to reduce the toxicity, mobility, 
and mass of the contaminants in the subsurface. A review of site conditions would be conducted at 5-year 
intervals, as required by CERCLA It is expected that the area would be remediated as a single unit 
However, the total area to be remediated would depend on the results of the model analysis and the 
geophysical investigations. At the time of this analysis, capping alternatives had not been identified. 
Consequently, no specific candidate designs are considered Modeling was conducted to evaluate the 
i.tq>act of infiltration control on the target levels for groundwater over a 10,000-yr period Table 4. 1 
sunnnarizes the assmq,tions about recharge. 

4.1.3 Summary of Simulation Cases 

Table 4.1 summarizes the sinmlation cases. In all cases, the pre-Hanford (year O to 1945) recharge rate 
and the rate up to trench construction is assumed to be 3.5 mm yr·1• During the trench operations and up 
to the point of stabilization (1956-1982), a mean recharge rate of77 mm yr·1 is assumed. For 
stabilization, it is reported that ''top soil" was added to the surface. Although very little is known about 
the top soil, it is assumed to be sandy material with some water-holding capacity that eventually 
developed some sparse vegetation Thus, a recharge rate of 25 mm yr-1 is asswned to exist through the 
end of sinmlation For Case-1, no remedial action is considered beyond the stabilization done in 1982. 
Thus after stabilization, a recharge rate of 25 mm yr-1 is asswned for the duration of the 10,000-yr 
sinmlation 
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G-45 



DOE/RL-2004-06 DRAFT A 

Table 4.1. Summary of Simulation Cases for Evaluation of Alternatives 

Recharge Rate (mm/yr) 
Cue Description .Start Date End Date - Ooeration Post-OD Remedial ····- --

1 No Action 2012 10012 3.5 77.0 25.0 25.0 
2 No Action 2012 10012 3.5 77.0 25.0 3.5 
3 Cap A  2012 10012 3.5 77.0 25.0 0.5 
4 Cap B  2012 10012 3.5 77.0 25.0 0. 1 
5 Cap e  2012 10012 3.5 77.0 25.0 0.0 

Case 2 also considers a no-action alternative but with a recharge !'3te of 3.5 nnn yr·1 • These two rates are 
intended to r-eflect the uncertainty in rt:charge at the site and demonstrate the possible effects on transport. 

Cases 3 through 5 consider the onsite capping alternatives. In all cases, a surface barrier is assumed to be 
constructed in 2012. As in the no-action alternative, the recharge rate before operations is assumed to be 
3.5 mm yr·1 • During the time the trench was in operation, a mean recharge rate of 77 mm yr·1 is assumed 
and remains con.5tant through 1982 when the trenches were stabilized Fol lowing stabiliz.ation, the 
recharge rate was reduced to 25 mm yr·1 and remains fixed until 2012. In 2012, it is asswned that a 
surface cover of infinite dimensions is constructed over the surface. The asswq>tion of an infinite cover 
is made to avoid choosing any one design over the other.from the several candidate designs being 
considered for Hanford and to avoid issues related to side-slope recharge. It has been shown that recharge 
from current side-slope designs can be a significant portion of precipitation; however, there is no standard 
design or practice (Ward et at 2004). Owing to the absence of any rigorous scientific basis for long-term 
changes in barrier performance due to degradation, degradation is ignored, and it is asswned that cover 
performance remains unchanged for the duration of the simulation. 

· The difference between the five cases results from differences in the drainage criterion for the covers, 
which are asswned to be of different degrees of robustness. Cap A is the least robust of the covers and is 
assumed to restrict recharge to 1.0 nnn yr·1 for the duration of the simulation. Cap B is assumed to limit 
recharge to 0.5 nnn yr·1, the same as the prototype Hanford barrier. Cap C is the most robust of the three 
with a drainage criterion of 0.0 nnn yr·1 • It should be noted that Cap C was not simulated with the 1-D 
convolution model. 

For each remedial alternative, model simulations were performed to determine the extent of chemical 
llt1)acts on soil and groundwater; to identify underlying soil and groundwater flow patterns, and to select 
the most feasible alternative. Simtlations were executed for a periods of compliance ranging from 500 
years to 10,000 years. Initial flow conditions for the first stages of the simulation were established with a 
steady-state flow sinrulation that asswned.a natural infiltration rate of 3.5 mm y.r1• 
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5.0 Evaluation of Alternatives 

This section discusses the key findings from the fate-and-transport behavior analysis and presents 
contaminant .breakthrough .cwv.es, soil screening levels, and mass balances at the entrance to the water 
table. Steady-state predictions based on the 1-D analytical convolution solution and 2-D simulations with 
STOMP were used to determine fluid flow and solute transport behavior to the water table for a cross 
section through Trenches B-28 through B-52. Resulting concentrations and fluxes were used to calculate 
soil screening levels for 99Tc and N03 • associated with the migrating plume. The results of these 
sinrulations wer-e then used to -evaluate remedial alternatives consisting of a no-action alternative and a 
capping alternative. 

5.1 Steady-State Transport Simulation Results 

The steady-state convolution solutions considered either 1) a depth invariant, 0 (z), represented by a mean 
water content 0.08294 m3 m·3, or 2) a dep th-dependent water content, 0 (z), derived from the neutron-log 
measurements. Two approaches were used to compare the observed data to the model predictions. In the 
first approach, the plume was treated as a single entity, and the mean recharge rate was estimated from the 
location.of the .center .of mass and the travel time to the center .of mass of the complete plume. In the 
second approach, the plume was decomposed into leading and trailing components, and the analysis was 
repeated for the two components. The results for the depth invariant water content are sunnnarized 
below. 

5.1.1 Fitting the Observed Data 

The field data from the C4191 borehole were fitted to the anal�cal solution to estimate the mean pore­
water velocity, from which the recharge rate can be inferred when the mean water content is known as 
well as the dispersivity. Figure 5.la shows the result when only the longitudinal dispersion coefficient, 
D, and the pore-water velocity were fitted to the data. When only D and v were fit ted, the results were far 
from satisfactory. The rneasur.ed water content was used to.calculate v and estimate the mean recharge 
rate. The calculated v allows the center of mass to be matched quite well. Based on the 1-D analysis, the 
center of mass is located at 33.462 m, compared to 33. 778 m derived from spatial moment analysis. Jn 
contrast, the fitted dispersion (1 .058 m2 yr· 1 ) appears too large. The fitted profile shows a much larger 
concentration between the surface and the peak and between the peak and the leading edge of the plume. 

A number of features of the transport problem cannot be captured with a 1-D model. Indeed, the problem 
is 3-D, and successful application of a 1-D model would require assumptions about the effective area over 
which spreading occurs to match the mean velocity, the effective dispersion coefficient, and the peak 
concentrations. Better simulations were obtained on fitting three parameters by assuming 1-D advection 
and 2-D dispersion (Figure 5.lb). By allowing .the plume to spread in a second dimension, the center of 
mass is now located at 32.88 m In addition, the longitudinal dispersion coefficient decreases 
significantly to 0.468 m2 yr·1, and a transverse dispersion coefficient of 0.019 m2 yr·1 results. The 
discrepancy between the predicted and observed peak concentrations also decreased. 
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Figure S.1. Measured and Fitted Resident Concentrations of 99Tc, (a) 1-D advection, 1-D 
Dispersion, -(b) 1-D Advection, 2-D -Dispersion, -and -(c) 1-D Advection, 2-D Dispenion 
with Superposition 

Given the bimodal nature of the �c plume, it became clear that physical heterogeneity played an 
impertant -role -in-the -transport ·process:· The-r-egion of -low 99Tc-concentration ·between-the two peaks 
observed in the field data necess_itated a two-zone application of the model The final solution represents 
a superposition of the individual solutions for a fast and slow zone. Although this is perhaps an 
oversimplification of the physics of flow, at both depths, the predicted concentration and the amount of 
spreading are reasonably close to the observed. The fitted velocities correspond to mean travel depths of 
39.837 m for the leading edge and 29.694 m for the trailing edge. The results corq,are well with 
39.674 m and 29.838 m, calculated by moment analysis for the leading and trailing edges, respectively. 

Despite the reasonably good fits of the data to the analytical steady-state models, it is inJ>ortant to note 
the limitations of this approach, especially for predictive pwposes. With only the information on 
inventory and trench dimensions, it would be virtually impossible to predict the subsurface distnbution 
without a priori information on the contaminant distnbution and the small-scale stratigraphy that controls 
spreading. In fact, application.of the simple models with.accepted recharge estimates and mean soil water 
content while ignoring the spreading effect would result in the plume reaching the water table in a short 
period of time after trench closure. While STOMP and other mechanistic models are based on 
independently derived parameters, the simple models presented here are only fitted to the data and in no 
way render validity to the model, especially for predictive pwposes. Using steady 1-D models to predict 
flow in more complex natural transient flow situations .will .require.independent.means for estimating the 
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effective area over which transport occurs. Such information, which provides insight into the physical 

heterogeneity and the relationships between recharge rate and flow anisotropy, can only come for 

subsurface characterization or field experiments at representative sites. 

5.1.2 Soil-Screening Levels· Following ·Remediation 

Although the simple 1-D models are of limited use for predicting surface transport in the presence of 

physical heterogeneity, the convolution models are of greater utility for predicting the potential migration 

of contaminants initially present in the soil. Here the convolution solutions are applied to the 99Tc 

initially present in the soil to predict soil 99Tc concentrations following the various remedies and 

ultimately the travel time to the groundwater table at 103 m 

Figure 5.2 through Figure 5.5 show comparisons of measured 99Tc concentrations in the soil profile at 
sampling with the predicted concentrations following application of different remedial actions. The no­
action alternative is shown in Figure 5.2. The sw-face is assumed to be sparsely vegetated with a water 

flux of 25 nnn yr-1 exiting the root zone. The rate.of 25 nnn yr-1 is consistent with that of a sparsely 

vegetated coarse-textured surface observed at the prototype Hanford barrier. If the surface remained bare 

to sparsely vegetated, the peak concentration in the soil would decrease by about 30 percent in as little 

1 0  years. In 100 years, the plume would impact the groundwater and by the year 3005, the entire plume 
would have entered the groundwater. A water flux of 3.5 mm yr-1 is equivalent to the recharge rate from 

an �tablished shrub steppe-ecosystem and ther-efore assumes a healthy stand of shrubs and grasses on the 

trench surfaces. At 3.5 mm yr-1
, there is significant distnbution about the center of mass after 100 years, 

although there is significant redistnbution about the center of mass (Figure 5.3). By the year 3005, the 

plume would have entered the groundwater. 

The impact of the recharge rate resulting from the different remedial actions is manifested primarily 

through its effect.on the pore-water velocity, which controls the advective movement of the plume, and 

secondarily through its effect on the dispersion coefficient, which also varies with pore-water velocity. 

Here, the average water content, derivtrd from the corrected neutron probe measurements, was 

0.08 m3 m·3. The pore-water velocity, v, was calculated from the recharge rate as q/0 to give velocities 

ranging from 10.375 mm yr· 1 to 1 .25 mm yr·1
• Because of the long half life of 99Tc and its zero Kd, the 

only mechanismby which the concentration ·is r-educed is by hydrodynamic dispersion. With a 1-D 

model, a reduction in the soil concentration to the SSL can only come about through movement of the 

plume into the water table. 

As can be expected, as the mean recharge rate decreases, the pore-water velocity decreases the rate of 

advance of the plume. An asswnption of the same water content at all depths is not very realistic, 

especially in soils that are highly stratified. Simulations with the 1-D model in which measured water 

content variations with depth taken into consideration resulted in somewhat lower soil concentrations at 

equivalent times. However, the lower concentrations result from higher velocities that occur when 0(z) is 

allowed to vary. This result is consistent with the findings of Schoen et al ( 1999) who found that 

accurate predictions of Br· transport in a large lysimeter using 1-D analytical solutions required taking 

into account the highly stratified characteristics of the soil. Nevertheless, in all cases except the no-action 

alternative at 25 mm yr· 1
, the soil screening levels would exceed the current standards for 99Tc even after 

1000 years. 
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Figure 5.2. A Comparison of Measured and Predicted 99Tc Concentrations Based on a 1-D 
Convolution Solution to the Convection-Dispersion Equation. The assumed recharge 
rate is 25 mm y..-1 under the no-action alternative. 
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Figure 5.3. A Comparison of Measured and Predicted 99Tc Concentrations Based on a 1-D 
Convolution Solution to the Convection-Dispersion Equation. The assumed recharge 
rate is 3.5 mm yr-1 under the no-action alternative. 
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Figure 5.4. A Comparison of Measured and Predicted "Tc Concentrations Based on a 1-D 
Convolution Solution to the Convection-Dispersion Equation. The assumed recharge 
rate is 0.5 mm yr-• under capping alternative. 
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Soil screening levels were calculated for �c and NOJ- for each alternative for assuming the distances from the hypothetical receptor well. The-results are summarized-in and the results are smmnarized in Table 5 .1 .  The results for NO3- are summarized i n  Table 5.2. In general, as the recharge rate decreased, the dilution attenuation factor increased and the soil screening levels for each contaminant increased Based on i nventory recovered from beneat h  216-B-26 and assmning a receptor 100 m down-gradient from the trench site, current soil concentrations of99Tc exceed screening levels for the no-action alternatives. However, current concentrations and predicted concentrations 1mder the capping alternative all fall below the calculated screening levels. 

Table S.1. · Soil Screening Levels for "Tc as a Function of Recharge 
-Rate-and Distance, L, to • -Receptor W-ell 

Recharge 
Rate Soil Screening Level (pCi/g) 

(mm/yr) L=l m L=l0 m L=lOO m L =l0OO m 25.0 4.S0E+oo -137E+o-1 4.2-9E+o-1 l .35E+o2 3.5 3.07E+0l 9.68E+ol 3.05E+o2 9.62E+02 0.5 2 .14E+o2 6.73E+o2 2.13E+03 6.73E+03 0. 1 1 .07E+03 ·3.37E+03 1 .07E+04 3.32E+04 
Table 5.2. Soil Screening Levels for Nol· as a Function of Recharge Rate 

Recharge 
'"Rate -Soil-Screening Level {mgtg) 

(mm/yr) L=l m L=l0 m L=l00 m 25.0 5.00E-02 1.52E-0l -4.76E-0.l 3.5 3.41E-01 1 .07E+oo 3.39E+oo 
0.5 2.37E+00 7.48E+00 2.37E+0l 0. 1 1 . 19E+0l 3.74E+0l 1 . 12E+02 

5.1.3 Peak Concentrations and Arrival Times at the Water Table 

L =lOO0 m 1 .50E+00 1 .07E+0l 7.48E+0l 3.69E+02 

Figure 5.6 through Figure 5.9 show the temporal variations i n  �c at the water table predicted by the 1 -D convolution model. To capture the wide range i n  concentrations, �c is plotted on a logarithmic scale. The ·900 pCi/L MCL is included on each graph for a reference. The peak concentrations and the corresponding arrival times at the water table are presented i n  Table 5.3. Because the model simply propagates the existing inventory downward, the resulting concentrations .reaching the water table ar.e based on the assmnption that the initial contaminant distnbution observed at C4191  is applicable to the entire site. As the plume moves downward, the model predicts i ncreasing symmetry in  the shape of the curve as the bimodal feature caused by statigraphy is lost. Although the model can acco1mt for vertical changes i n  water content, water can only move i n  one direction, and the net effect is a smoothing of the .breaktbrough.curv.e. 
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The recharge rate is clearly the dominant factor in the 1 -D model affecting the arrival time of the MCL, 
the arrival time of the peak, and the peak concentration. First, a reduction in recharge rate reduces the 
effective velocity as well as the peak concentration entering the water table. In should be noted that the 
1-D convolution model assumes an average recharge rate and does not take into account episodic high­
intensity events that could have a greater short-term impact. As recharge rate decreased, the arrival time 
of the MCL (900 pCi/L ), the peak arrival time, and the arrival time of the center of mass increased 
(Table 5.3). The time to arrival of the MCL decreased from the year 2083, only 78 years from the 
present, under an asslUllCd no-action recharge rate of 25 mm yr·1

, to the year 7792 when a barrier limiting 
the recharge to 0.5 nnn yr1 was assumed. A more robust barrier that limits recharge to 0. 1 nun yr1 

pushed the arrival time of the MCL to the year 39,686. 

1 � -:r-------------------------� 

Recharge Rate - 25 mm yt 1 

l<Y 

1d1 

2005 2105 2205 2305 

Year 

2405 2505 

Figure S.6. Calculated Distributions for �Tc at the Water Table Under a 
Recharge Rate of 2S mm/yr using the 1-D Convolution Solution 
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Figure S.7. Calculated Distributions for �c at the Water Table Under 
·a Recharge Rate of3.S mm'yr using the 1-D Convolution Solution 
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Figure 5.8. Calculated Distributions for 
99Tc at the Water Table Under a 
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Figure 5.9. Calculated Distributions for �c at the Water Table Under a 
Recharge Rate of0.1 mm'yr using the 1-D Convolution Solution 

Table 5.3. Predicted Peak �c Concentrations (pCi/L) and Arrival Times at the Groundwater 
Table Beneath the BC-Trenches Based on a 1-D Convolution Solution Recharge MCL Anival Peak Arrival Peak Mean Arrival Anival Time 

Rate Time Time Concentration Time Variance 
(mm/yr) (yr} (yr) .toCi/L) (yr) (yr) 

25.0 2083.93 2133 3.740E+o5 2142.85 l .008E+o3 3.5 2218_56 3328 3 .729E+o4 3392.55 1 .00E+o5 0.5 7791 .90 11218 5.336E+o3 1 1723.58 4.93E+-06 0.1 39686.45 45000 l .067E+o3 48589.67 1 .28B+o8 
The 1-D convolution model is easy to apply and can easily acconnnodate initial contaminant inventory depth distnlmtions of any complexity (Elrick et al. 1997). The model can also handle depth-dependent water-content profiles. However, the results are somewhat conservative in that the model does not take credit for stratification and its dimensionality effects. Nevertheless, these relatively simple equations based on the ass1J1t1)tion of steady-state flow as an approximation to the more corq>lex transient flow problem typical of natural environments may be useful to provide quick estimates of soil screening levels and groundwater concentrations. The concentrations reaching the water table can be used to predict 5.12 G-58 
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concentrations at a receptor well using the dilution attenuation factors derived above or by using the 
results as input to an analytical .ground water transport model. Although the concentrations . arriving at the 
water table exceed the MCL, concentrations reaching a hypothetical receptor well down-gradient of the 
trench site would be significantly less that the MCLs. 

5.2 Transient Transport Simulation Results 

The dispersion of contaminants in the vadose zone and groundwater is an inherently 3-D process. At the 
field scale, even low-order transverse dispersion acting over a long distance can substantially affect the 
configuration of a contaminant plume (Domenico and Robbins 1 984; Burnett and Frind 1987). Burnett 
and Frind (1987) found that in vertical-plane simulations, the dimensionaiity effect became noticeable at a 
transverse dispersivity of only l .cm and could result in significant overestimation of a plume length. 
Only transient multidimensional simulations are capable of producing the actual concentration values that 
drive local processes, including chemical reactions. In the sections that follow, results of the transient 
sinrulations performed with the STOMP simulator are presented A sunnnary description and comparison 
of results follows the individual case descriptions summarized in Table 4. 1 .  

In the transient sinrulation problem, the characteristics of saturation field are controlled by 
lithostratigraphy, hydraulic properties, and the presence of subsurface features, e.g., sloped or pinched 
layers that can focus or redirect flow. Natural precipitation and its temporal distnbution may also play an 
important role as short-term fluctuations can cause localized extreme saturation changes. Such effects are 
. not evident in this analysis as the stratigraphic model is of the layer.,.cake type and a mean recharge rate is 
used for the simulations. 

5.2.1 Initial Conditions and Saturation Distributions 

In the first phase of the transient simulations, the model was run from time zero to the year 1956 with a 
recharge rate of 3.5 mm yr·1 • This was necessary to establish pre-Hanford conditions to initialize the 
model. Since the exact time at which tp.e trenches were excavated is unknown, the recharge rate from 
1945 to 1956 is assumed to remain unchanged at 3.5 rrnn yr·1 • Figure 5 . 10 shows the predicted 
volumetric water content in 1956, just before trench operations. Because this stratigraphic model is 
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Figure 5.10. Calculated Distributions of Soil Volumetric Water, O'x,z) in 1956, Before Trench
Installation and Operation, Assuming Perfect Stratification

based on a single borehole (C4191), the model is perfectly stratified and therefore shows none of thehorizontal discontinuities observed in Figure 2.2. Simulations with this stratigraphic model resulted inspatially continuous capillary breaks. When simulated with anisotropy, this model resulted in extensivelateral flow, likely because the capillary breaks extended to the boundaries and a constant recharge ratedid not lead to water potentials that could overcome the entry pressure of the underlying coarse layers.

Figure 5.11 shows the predicted aqueous saturation in 1956 based on the SGSIM derived stratigraphicmodel. This stratigraphic model takes into account the spatial correlation structure of soil moisture andtherefore the heterogeneity. The saturated zone at the base of the domain represents the 5-rn thickconfined aquifer. All subsequent simulations were based on the stratigraphic model derived from theSGSIM results.
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Figure 5.11. Calculated Aqueous Saturation in 1956, Before Trench Operations, Assuming Spatial
Correlation Structure from the 299-E24-111 Field Site

A clearer picture of the moisture distribution and the effects of the small-scale lithostratigraphy can beobtained from a vertical water-content profile. Figure 5.12 shows a simulated moisture-content profilethrough the center of Trench 216-13-26. As can be expected, the layers of finer texture are highest inmoisture while the coarser layers tend to be drier. The increase in moisture toward the bottom of theprofile is caused by the approach to the water table, which is located at 103 n The simulated watercontents range from a low of around 0.05 m3 m 3 to a high of just over 0.25 m3 m-3 . This simulationyielded a mean water content of 0.090 m3 mn 3 over the 103-m depth.

Figure 5.13 is a direct comparison among the observed moisture profiles measured by neutron probeduring the installation of borehole C4191 in December 2003. The small-scale changes in simulated
moisture are quite similar to the moisture contents measured by neutron probe. Furthermore, the rangeand mean values are quite similar to the observed values. The model does tend to over-predict watercontent relative to the neutron probe, and the discrepancy appears to increase with depth. This may bedue to a probe calibration problem. The borehole was logged in three sections with a different diameterwell casing and different casing thickness in each section. These changes are not considered in the modelbut could be taken care of with a depth-dependent calibration for the neutron probe. Nevertheless, theability of the model to capture the spatial trends in moisture is quite encouraging and the results provide ameasure of confidence in the application of the model to predict field-scale water flow.
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Figure 5.12. Calculated Profile of Soil Volumetric Water, lit�, 
Through the Center of Trench 216-B-26 in 1956 

5.16 

G-62 



Vol .  Moisture (m3 m·3) 

O DO 0 . 10  0.20 o _go 

1 0  

20 

30 

40 

50 

{�) 

;§. Go w 
0 

70 

80 

90 

1 00 

1 10 

1 20  

Obs 
Preti. 

DOE/RL-2004-66 DRAFT A 
Vol . Moisture (m3 m·3) 

0.00 0 . 1 0  020 0.30 
12D 

130 

140 

150 

160 

170 

(b) 

� 180 «l 
0 

190 

200 

21 0 

220 

230 

-- Obs 
Pl'etl. 

Vol. Moisture (m3 m·"J) 

0.00 0. 1 0  0.20 0 .30 
240 

250 

260 

270 

280 

290 

(c) 

j 300 
0 

31 0 

320 

330 

340 
-- Obs 
-- Pmtl. 

350 

360 �- ---------

Figure 5.13. Calculated Profile of Soil Volumetric Water, t;tz;), 
Through .the -Center of Tr.ench 216--.B�26 .in 2004 

5.2.2 Distribution of Water. During Trench Operations In a typical study of contaminant fate and transport to support the identification of remedial actions, contaminant distnbutions are needed from multiple locations to establish the initial condition. In this study, the only available data came from a single borehole installed at 216-=B-26. Thus, the approach taken was to simulate the present day contaminant inventory distnbution before the effects of the different remedies could be evaluated This ap_proach is different from that used with the 1-D model where the existing contaminant inventory was used in a convolution solution to predict future migration. 
It is known that several waste discharges occurred within the 200-TU OU beginning in 1956 and continuing into early 1958. For this part of the simulation, waste-release infonnation was used to generate the necessary boundary conditions for each trench, and the water and dissolved contaminants were injected at the base of each trench at the appropriate rate. Figure 5. 14 through Figure 5 . 17 show different stages of the injection process. Figure 5 . 14  shows the distnbution of moisture in early December 1956 (t = 1956.837) shortly after the discharge to 216-B-25 started and just before the discharges to 216-B-24 ceased Flow is mostly lateral to south, and even at this early stage, the wetting fronts from the two 
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adjacent trenches have already merged Figure 5.15 shows the distnbution of moisture in early February 
1957 (t=1957.089). Discharges to 216.,.B-26.hadjust.ceased and had only just started.in 2.1.6-U-27. The 
pattern of moisture distnbution persisted with flow controlled by the finer-textured layers. Figure 5.16  
shows the moisture distnbution on towards the end of June 1957. Discharges to 216-B-28 were coming 
to a close after a 90-day run in which 5049.8 m3 were discharged Th� discharge to 216-B-28 was 6 
percent higher than the discharge to 216-B-26 and by this time there is an increase in the amount of water 
crossing the simulation boundary. Figure 5.17 shows.the.distnbution on January 0.1, 1958, just after the 
discharges to 216-B-52 had ended This trench received almost twice the average volume received by the 
other six trenches. Despite some 37,045 m3 of water having been added at this time, it is still mostly in 
the top 20 m of sediments. As the figure clearly shows, most of the waste water appears to have been 
redistributed laterally in the shallow subsurface. 

A clearer picture of the rate and extent of lateral redistnbution can be inferred from the mass flux of water 
across the north and south boundaries of the simulation domain. The flux of water across the water table 
was also tracked for comparison. Figure 5.18 shows the water mass flux across the water table during and 
after trench operations. The mean flux density (recharge rate) across the water table remained at the pre-­

Hanford value of 3.5 nnn yr-1 .until 1988 . .  After .19.88, the..simulations..show .a .sharp increase in.the .flux 
density at the water table. However, this water is not the water discharged to the trenches but is most 
likely the antecedent moisture that was pushed ahead by the trench discharges. Recall that it was 
estimated that ·the recharge ·rate from natural precipitation just prior to trench ·closure was 77 rrnn yr-1 so 
the moisture content of the soil profile would have been elevated The concept of a specific retention 
dictates that a soil column can only hold a finite amount of water against the force of gravity and any 
water in excess of this amount will drain. · The flux density continued to increase, reaching a ma:xmnnn of 
about 56 mm yr-1 in the year 2004. The simulations show a subsequent decrease in flux density at the 
water table with the value returning to around 3.5 nnn yr-1 by 2345. These results are based-on the 
assmq>tion of a mean recharge rate of 3.5 nnn yr-1 at the surface from 1982 onward and will be discussed 
further as one of the no-action alternatives. The only evidence of the large 37,045 m3 discharge of waste 
water mightbave·been an increase in the concentrations of some ions in the groundwater as the resident 
pore water entered the water table. However, the sinrulations show that none of the waste water crossed 
the water .table. 

The simulated domain was asswned to have a 3 percent dip to the south, which was accommodated in the 
sinmlations with a tilted grid Results showthat.this .dip.pla..yed an.�ortant.role.in the redistnbution.of 
water in the subsurface and as such, the mass flux of water across the north and south boundaries are quite 
different from that observed at the water table. Figure 5. 19 shows a plot of water mass flux across the 
south (south of B-28) boundary. Owing to the dip to the south, flow was predominantly to south, even 
though the sequence of trench filling appears to have near the north; 216-B-23 and 216-B-24 were the 
first to.become operational .Flow.across.the south.boundary.quickly.reached a.peak rate of about .17.5 L 
day-1 in early July (t == 1957.56), shortly after 21 6-B-26 ceased operations. Flow across the boundary has 
since shown a steady decline except for a few spikes in response to changes in surface boundary 
conditions. 

Thus, these results should be interpreted and treated within the limits of uncertainty of the stratigraphic 
model and. hydraulic parameters. Nevertheless, the.modelprovides useful insight into the transport 
processes and is best used to provide an indication of the relative contnbutions of the different 
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mechanisms rather than absolute contributions. It is expected that as more data become available, these 

uncertainties will decline. 

g 
.s:::. 

0 

g 
.s:::. 

0 

Yr 1956.837 
Aq\)9CA.1sMoS1ureCont11nI, 0.06 0. 1 0.14 0. 18 0.'12 0.26 0.3 0.3◄ 0.38 

0 

-10

-20

-30 

-40

.50 

-60 

-70

-80 

.90 

-100
0 50 100 150 200 

Northing (m) 

Figure 5.14. Calculated Distributions of Water Content at year 1956.837 

Along a North-South Transect During Trench Operations 
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Figure 5.15. Calculated Distributions of Water Content at time = 1957.089 

Along a North-South Transect During Trench Operations 
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Figure 5.16. Calculated Distributions of Water Content at time = 1957.494 

Along a North-South Transect During Trench Operations 
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Figure 5.17. Calculated Distributions of Water Content at year 1958.003 

Along a North-South Transect During Trench Operations 
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5.2.3 Distribution of Contaminants During Trench Operations 

The spatial distnl>ution of contaminants and their mass flux across the different boundaries are examined 
in a fashion similar to that used for water in the previous section Figure 5.20 shows the distnl>ution of 
� c in the pore water in early January 1958 (t=l 958J>03) shortly after the end of discharges to the 21 6-'B-
52 trench. This corresponds to the water distribution shown in Figure 5. 17. By this time all trench 
activities had ceased The �c is asswned to be completely in the dissolved in water and assumed to be 
conservative with zero Kd. The same assUDl)tions apply to NOJ- and because the two species are assumed 
to have identical diffusion coefficients, the spatial distnl>utions should be similar (Figure 5 .21 ). For both 
species, sorption and anion-exclusion effects are ignored. The spatial distnl>ution of238U shows a bit 
more heterogeneity than the NQ3- and �c pl� (Figure 5.22). This is because the Kd of 238 U was 
allowed to vary with soil texture with the finer textured sediments having a higher K"' than the coarser 
sediments. The result is a distnbution that shows slightly increased mobility in the coarser materials than 
in the fine-textured lenses. 

Unlike previous analyses in which small-scale stratigraphic changes are ignored. these sinmlations show 
that the mobile species {99Tc and NO:i) moves laterally with the water and remains high above the water 
table, even after 47 years in the ground The pattern of migration of�c and Nol· across the boundaries 
should therefore mimic that of water to a large extent Figure 5.23 shows a plot of the time distnbution of 
�c crossing the south boundary in response to trench discharges. There was a general increase in the 
flux of99Tc over time, which is consistent with the sequential nature of trench operations. Figure 5.23 
show several sharp changes in concentration that coincide with those observed in the water flux. In · 
general, high fluxes of water resulted in reductions in the � c concentratioIL This can be expected since 
�c is transported in the water. These changes are mostly due to changes in surface boundary conditions. 
However, the multimodal features are also partly related to the heterogeneity. Lateral flow could be 
expected to dominate until the potential gradients were sufficient to overcome the entry pressure of 
underlying coarse layers. The dependence of the flow network on satmation would give rise to transient 
effects rand the features observed in Figure 5. 19and Figure 5.23. Simulations show that the peak in mass 
flux OCCWTed several yem after the discharges ended The peak � c crossing the south boundary 
occurred in mid 1985 with a aqueous concentration of 1 .  79- 106 pCi L-1 • This is about an order 
of magnitude higher than the peak concentration of 3.2· 1 <Y pCi L-1 observed in 1962 shortly trench 
discharges ceased 

An obvious question is why the water flux and �c flux patterns are so different It is likely that water 
present in the soil would have been displaced ahead of the discharged fluids thereby crossing the 
boundary before the actual waste water did However, the same would not happen for �c because the 
initial concentration of99Tc in the soil was assumed to be zero and any antecedent water initially 
displaced would have been free of �c. Because transport of solutes occurs via both advection and 
dispersion, it is possible that even though advection has essentially ceased, diffusion could still be 
occurring, .especially given the large concentration gradient. However, movement by diffusion would be 
very difficult to observe in the field It should be noted that nitrate distributions showed a similar pattern 
to behavior to �c; migrations was primarily to the south and none entered the groundwater. 
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The presence of small-scale textural discontinuities such as those observed in Figure 2.2 is responsible for 
the :variations .in -moisture contents observ.ed in the neutron-probe measurements. These heterogeneities 
may have led to the development of complex flow networks whose impacts dominate those resulting from 
the large-scale heterogeneity that is typically the focus of transport simulations on site. The 
characteristics of these flow networks appear to vary with input flux and boundary type. The results 
provide new insight into the interpretation of existing contaminant distnbution, field-scale experiments, 
and -the .design of .r.emedial system for .contaminated soils. Changes in satmation can completely .change 
the subsurface flow network, thereby influencing the spatial correlation structure of relative permeability 
and the location of fast paths. This suggests that solute transport may be strongly dependent on saturation 
in a way more complicated than the simple effect on the pore-water velocity. In such systems, the amount 
of lateral spreading observed would strongly depend on the flow regime. There is experimental evidence 
that shows that -the horizontal permeability of laminat-ed silts from the Hanford vadose zone can be o:v.er 
70 times the vertical permeability (Ward and Gee 2003). 

These factors have ilq>ortant consequences for field-scale transport and remediation. Contaminants 
deposited under a massive leak or discharge of waste water, as with the BC cnbs and trenches, would 
show pr.eferential lateral movement initially due to a combination of large lateral potential .gradients .and 
large horizontal saturated conductivities. At the much lower natural recharge rates, lateral potential 
gradients would be significantly smaller. Even though saturation-dependent anisotropy predicts an 
increased tendency for lateral migration, the hydraulic conductivity at low water contents may be too low 
to significantly affect redistnbution at the low potential gradients. This is of particular importance to the 
fine�textur.ed.lenses that .currently show higher water .contents in the field. Even though the hydraulic 
conductivity is higher than that of drier adjacent sands, the actual values of conductivity are such that 
continued lateral migration would be at very low rates. However, significant vertical migration would 
also require conditions that were wet enough to overcome the natural capillary breaks. 

5.2.4 Current Distribution of Contaminants 

Figure 5.24 shows the predicted distnbution of 99Tc at the beginning of year 2005. In general the 
predicted plume is located mostly between 20 and 50 m The current conceptual model suggests that the 
discharges from the seven trenches initially moved laterally to merge into a single plume. Natural 
recharge then leached the trailing edge of the plume downward effectively reducing the concentration of 
-the mobile .contaminants in.the O to 20-m depth to .background levels. The plume shows some .effects .of 
the heterogeneity in that it is asynnnetric. Under 21 6-B-26 where the C419 1  borehole was installed 
(northing =1 10 m) the plume is located between 23 and 50  m In the absence of multidimensional plume 
distnbution data, comparisons between the simulated and observed 99Tc distnbution are based on data 
from the C41 9 1  borehole. In order to make this comparison, we extracted a 1-D profile beneath the 216-
B-26 tr.ench at .the approximate location .of the C4191 borehole. Figure 5 .25 through -Figure 5 .29 .compar.e 
the predicted depth profiles for the three contaminants on which this study was focused 
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Figure 5.24. Calculated Distributions of Aqueous 99Tc in the Year 2005 

Figure 5.25 compares the predicted and observed 23
8U profiles. Field observations show a bimodal 

distribution with peaks at 6 and 13 m However, the predicted profile does not show this feature. The 

distnbution is single peaked and centered around 12 m with a maximum concentration that is about 1/3 of 

the observed concentration. The difference between the predicted and observed distnbutions could be 

due to at least two factors. First, the higher observed concentration just beneath the bottom on the trench 

could be due to an elevated Kd. Data from this borehole show relatively large pH values at the bottom of 

the trench which could cause 238U to precipitate. In fact, the observed profile of total acid extractable U is 

indicative of high sorption just beneath the trench. However, the current conceptual model is based a 

simple linear sorption isotherm for 23
8U. The Kd values were derived from the estimates published by 

Cantrell et al. (2003) but does not account for pH in any way. A lower than expected Kd in the model 

would lead to higher mobility in the predicted plume. Predictions of both pore-water and total 

concentrations show an under-prediction by the model. The discrepancy in total 23
8U suggests that the 

median values of 23
8U inventory used as model inputs and derived from the SlMS model may be too low. 

In addition, the deeper depth of penetration of the predicted plume suggests that the Kd values used in the 

model may have been too low. It may also be indicative of an over-simplified model for the sorption of 

238U. Nevertheless, the distnbution of 238U provides some insight into the actual depth of penetration of 

the original scavenged waste fluids. Owing to the relatively high Kd of 238U, it is unlikely that it could 

have been leached to its current position by natural recharge. Inverse modeling with an ion-exchange 

model could provide some further insight. 
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Figure 5.25. Observed and Predicted Distributions of (a) Aqueous 238U, 
-and (b-) Total 238U -in Yr 2005-at -Bor-ehole -C4-l91 

Figure 5 .26 compares the predicted and observed 99Tc profiles. The general trends are remarkably similar given the uncertainty in hydrologic properties and the lack -of characterization data. The center of mass -of the predicted 99Tc is located around 30 m, and the leading edge of the plume extends to around 50 m as in the case of the measured plume. However, there are major differences, particularly in the spatial distnbution about the mean depth and the peak concentration. These discrepancies can be easily explained 
First, we deal with the absence of the rnultimodal distributions in the lab data in Figure 5 .26. This may be an artifact of the sampling method as it is unusual for a contaminant profile, expressed in terms of mass units per volume of pore water, to show such a feature. Pore-water extracts are typically determined in terms of the mass of contaminant per unit mass of soil and are converted to concentration per unit volume ofpore by multiplying by the volumetric water content dividing by the bulk density. If water content and bulk density varies with depth, as is usually the case in natural soils and sediments, then scaling by these 
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variables should produce a smooth bell-shaped curve as seen in the model predictions. In contrast, the 
·assmqltion.ofa mean bulk.density .or .under-estimation of the water .cont.etlt could lead t.o the bimodal 
curve. Because our model takes the depth variations in bulk density and water content into account, a 
smooth cmve is generated for the aqueous �c. When concentration is expressed as the total 99Tc 
concentration, ie. concentration per unit volume of soil, the effects of depth variations in water content 
and bulk density are readily apparent (Figure 5.26b ). This plot clearly shows the effects of small-scale 
heterogeneities on the spatial .distnbution .of total �.c. 

The next issue relates to the difference in dispersion and peak concentrations. While the model captures 
the leading .edg.e .oftb.e .plume quite w.ell, the .trailing edge appears to.have been insufficiently leached, 
thereby giving an apparently larger value of dispersion. Yet, the model predicts a higher peak 
concentration. There are features of transport in unsaturated soils that are often reported in the literature 
and have been <;>bserved at Hanford that can explain these discrepancies. First, the local longitudinal 
(vertical) dispersion of contaminants is strongly dependent on the measuring volume. Consequently, 
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dispersion typically appears smaller when derived from small sampling volumes, such as boreholes, than 
for the volwne offield samples at which large-scale results are desired (Hannnel etal. 1999). Thus, the 
apparent dispersion derived from measurements in the C4 191  borehole can be expected to be smaller than 
those predicted by the model. Another factor that could contnbute to this discrepancy is the 
dimensionality effect. In the field, horizontal redistnbution leading to solute mass accumulation where 
local flow converges and depletion where it diverges is entirely possible. However, using a 2-D profile 
for the simulations limits the .extent to which redistnbution can occur. As noted by Brunett andFrind 
(1987), only transient nrultidimensional simulations are capable of producing the actual concentration 
values that are observed in the field that drive local processes, including chemical reactions and diffusion. 

While both of these factors may be responsible for the higher predicted concentrations, the simultaneous 
prediction .of higher appar.ent dispersion with .a higher peak concentration creates a dilemma. The fact that 
predicted total 99Tc is higher than the observed, even though dispersion is greater, suggests that the 
inventory used as input may be too high. The input values for 99Tc is based on the median values derived 
from the SIMS model. Given that the solution to the transport equation is linear, it can be solved for a unit 
mass of input and scaled to the appropriate input value until the actual concentrations match. An 
adequate match between the observed and pr-edicted can be achieved by reducing the input inventory by 
around 50 percent. Nevertheless, the fact that the difference in peak concentration is only 50 percent, 
even with uncertainty in inventory and model dimensionality, is again quite remarkable. 

Figure 5.27 compares the predicted and observed profiles for NO3-. As with the 99Tc distnbution, the 
general trends are remarkably similar, -except in this case the model undeFestimat-es the concentrations 
relative to the observed The explanations advanced above for the discrepancies in the 99Tc are also 
applicable for NO3-. The predicted center of mass is quite similar but the predicted peak concentrations 
based on the input inventory is less than the observed In fact, the predicted peak concentration is only 
1/3 that of the observed Given that the transport behavior of 99Tc and NO3- are expected to be similar, 
the amount of dispersion in an advection -dominated-environment can be-expected to be similar. Thus, the 
only possible explanation for the lower predicted NO3-, in the absence of decreased dispersion, is an 
underestimation .of the input N03 · inventory. As with the 238U and 99Tc predictions, NO3 · predictions are 
based on the median value from the SIMS model runs. 

The C4191 borehole cannot provide any validation of the extent of spreading predicted by the model. 
Confirmation can come only from further sampling or from non-invasive geophysical logging that can 
delineate the extent of the plume. It is expect-ed that as such data become available r-evisions w.ould be 
made to the conceptual model to minimize any discrepancies between observations and model 
sinrulations. 
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Figure 5.27. Observed. and Predicted Distributions of (a) Aqueous NO3-, 

and (b) Total No,- in Yr 2005 at Borehole C4191 

5.2.5 Soil-Screening Levels Following the No-action Alternative Figure 5.28 shows the predicted pore-water concentrations for �c i n  the year 2400 shortly after the arrival of the MCL (900 pCi L-1) at the water table in year 2324 under the no-action alternative of 3 .5 nnn yr-1• '.fhe first arrival {arrival.of l O .percent.of the MCL) at  the water .table occurred in  2127 and at the receptor well i n  2353 (Table 5.4). Figure 5.29 and shows the predicted pore-water concentrations for 99Tc in the year 3000, after the arrival of the peak at the same recharge rate. The peak concentration reaching the receptor well is 3 1 47 pCi/L, which exceeds the MCL for �c. The same applies to NQ3- with a concentration of 165 pCi/L arriving at the receptor well. When compared to the 1D model, a nrultidimensional model allows .i:edi.stnbution.of.the plume in .the longitudinal and transverse horizontal directions. Although such redistributions bring about reductions in  concentrations, significant changes do not occur for �c simply because of the large inventory of �c and the long balflife. Thus, in all cases of no-action, soil-screening levels are exceeded and the concentration reaching the water table and receptor would likely exceed the M CL. 5 .30 G-76 
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Figure 5.29. Calculated Distributions of Aqueous 99Tc in the Year 3000 (3.5 mm/yr). 
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S.2.6 Arrival Times and Concentrations Under the No-action Alternative 

Figure 5.30 through Figure 5.33 show the mass flux of99Tc and N0:3. at a recq,tor 100 m down-gradient 
of the source under the no-action alternatives. A summary of arrival time and concentrations at the water 
table and a recq,tor is provided in Table 5.4. With the current concq,tualization and model parameters, 
the first arrival of 99Tc occurs at the receptor in 2118  at the 25 mm/yr recharge rate. A peak concentration 
of 2.-09--104

-pCi/L arrives in 2228. A recharge -rate of 25 mm yr-1 leads to a-peak 99Tc-concentration of 
3.6- 105 pCi L-1 reaching the water table in the year 2095. At the 3.5 nnn yr·1 recharge, first arrival of 
99Tcat -the r-ecepter is_ in 2353 -with the MCL arriving in 2-600 and a peak of 3 14 7 pCi/L arriving in 2991 .  
Nitrate shows similar trends although the first arrival is generally earlier due to the larger concentrations 
-of N� - -and.the .relativ.ely low MCL. At the 25 mm'yr, the MCL for NQ3-reaches .the water .table in 2.125 

but is delayed for another 295 years, arriving in 2420 llllder a recharge of 3.5 mm yr·1
• In all cases, the 

concentration reaching the water table increased with a decreasing recharge. The increase in concentration 
can be expected because a reducti_on in pore water velocity would cause a reduction the dispersion 
coefficient. A smaller amount of dispersion would mean higher peak concentrations. However, as shown 
in Table 5.4, concentrations .arriving.at -the .r.eceptor .decteased significantly as .the .r.echar.ge .rate.decreased. 

These results are consistent with the 1-D simulations in which the existing plume was allowed to migrate 
under steady flow to the water table. H.ow.ev.er, .as pointed .out earlier, it w.ould bav.e been impossible t-0 
make independent predictions of the current inventory distnbution based on 1-D simulations. An 
irq>ortant point to note is the sensitivity to recharge estimates for the no-action alternative. As shown by 
the simulation results, accurate predictions of the initial distnbution of the plume were strongly 
influenced by the quality of information available for the discharge volumes and contaminant inventory 
.and .the .conceptual model._ However, subsequent r.edistnbution .of the .contaminants is str.ongly influenced 
by the assumed recharge, which is an unknown in this analysis. 

Recharge rates used in the simulations were also assumed to be time invariant. This may explain the 
relatively synnnetric nature of the breakthrough curves compared to that observed on the south boundary 
th.at was suhject .to the short-term.eff.ects .of .changes in water flux. It is expect-Cd that the use of recharge 
that is a percentage of precipitation, such that episodic high-flux events can be captured, may produce 
somewhat different distnbutions. Such a scenario could see moisture conditions in the soil reaching a 
level at which the water-entry pressure of coarse layers could be overcome and deep drainage rates 
increase to bring about episodic entries of99Tc and NO3- into the groundwater. 
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Figure S.30. Calculated Distributions for 99Tc at the Receptor Well Under a Recharge Rate of 
25 mrwyr based on STOMP Simulations. The dotted line is the MCL of 900 pCi/L. 
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Figure 5.31 . Calculated Distributions for N03- at the Receptor Well Under a Recharge Rate of 
25 mm/yr based on STOMP Simulations. The dotted line is the MCL of l0  mg/L. 
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Figure S.32. Calculated Distributions for 99Tc at the Water Table Under a Recharge Rate of 
3.5 mmlyr based on STOMP Simulations. The dotted line is the MCL of 900-pCi/L. 
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Figure S.33. Calculated Distributions for NO3- at the Water Table Under a Recharge Rate of 
J.S mm/yr based on STOMP Simulations. The dotted line is the MCL of 1 O mg/L. 
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5.2.7 Soil-Screening Levels Under the Capping Alternatives 

Spatial distnbutions of 99Tc, NO3-, and 238U were simulated over time for three hypothetical caps that 
limited recharge to 0.5, 0. 1 and 0.0 nnn yr-1 • Figure 5.34 shows the predicted pore-water concentrations 
for 99Tc in the year 2400 shortly after the arrival of the MCL at the water table under the 0.5 nnn yr-1 

barrier. Figure 5.35 shows a similar plot after the arrival of the peak. Although the first arrival, arrival of 
the MCL, and arr.ivalofthe peak all occur .considerably later than in the no-action alternative, there is no 
significant change in peak concentrations. Although the concentrations reaching the water table are 
higher than the no action alternative, the values observed at the receptor well are nmch smaller and are 
actually below the MCLs. To gain further insight into the impact of capping alternative on the 
contaminant inventory and groundwater quality, we calculated the concentrations of 99Tc and NO3-

·entering the water and receptor well for the diffel'ent capping strategies. The mass flux of contaminant at 
the water table was calculated according to Equation 3.20. 

5.2.8 Arrival Times and Concentrations Under the Capping Alternatives 

-Figure 5.36 shows the mass flux of 99Tcwhile the mass flux ofNO3-, is shown in-Figure 5.37. The plots 
represent contaminant breakthrough at the receptor well under a 0.5 nnn yr-1 barrier based on the STOMP 
simulations. Similar plots are shown for the 0. 1 mm yi-·1 barrier in Figure 5.38 and Figure 5 .39. Results 
for the hypothetical 0.0 nnn yr·1 barrier are shown for 99Tc and NO3- in Figure 5.40 and Figure 5.41 ,  
respectively. Table 5.4 sunnnarizes the characteristics of the of99Tc and NO3- breakthrough curves 
providing information on the time-to first arrival -(10 percent ofMCL), the arrival time ofthe MCL, peak 
concentration and mean concentrations at the water table and receptor. In the current conceptualization, 
the hypothetical barriers were asswned to extend to the boundary .of the simulation domain so as t-0 .avoid 
issues related to the design and perfonnance of side slopes on above grade covers. For 99Tc, simulation 
results show the arrival of the MCL at the receptor occurs in year 2660 for a 0.5 nnn yr·1 barrier; in year 
2740 for the 0. 1 mm yr-1 barrier and not inuch later in year 2761 for the 0.0 mm yr· 1 barrier. With the 0.5 
nnn yr·1 barrier, the peak concentration of 458 pCi L·1 arrived at the water table in the year 5975. The 
relatively early arrivals -even with barriers is due to -the ·combined effects of plume depth and the recharge 
rate assumed to exist until the assumed barrier deployment in 2012. A significant amount of water in the 
pr.ofile would have .to redistnbute befor-e the full effects of the barrier were felt. Another unknown but 
very important factor is the extent of lateral spreading. The current model assumes a maximum spatial 
.continuity of 100 m, which could easily be an under-estimation of the actual degree of spreading. A more 
accurate assessment would require additional characterization data. 

The NO3· p1ume shows similar behavior. The first arrival occurred in year 2263 under the 0.5 nnn yr·1 

barrier; in year 2266.29 for the 0.1 nnn yr·1 barrier and 2266.-86 for the 0.0 nnn yr-1 barrier. Peak 
concentrations occurred significantly later. Neither the 0. 1 nnn yr- 1 barrier nor the 0.0 mm yr·1 barrier 
resulted in peak concentrations reaching the water table even after the year 12005. However, the peak in 
water flux from the antecedent moisture was discernable bringing the peak concentrations significantly 
less than the MCLs to the receptor (Table 5.4). These results are consistent with the 1-D sinmlations in 
which the -existing plume was allowed to .migrate under steady flow to the water table. 
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Table 5.4. Predicted Arrival Times and Concentrations for 99Tc ant NOJ- at Compliance Points 

Recharge Pint 
Point of Rate Arrival 

Comoliance Solute (mm/yr) tvrl 

""Tc 25.0 2 1 1 8.67 

�c 3 .5 2353.67 

�c 0.5 2660. 19 
99

Tc 0.1 2740.01 

Receptor �c 0.0 2761 .24 

Well 

NOi 25.0 2105.77 

N03- 3.5 2237.17 

N03- 0.5 2263.83 N0J- 0. 1 2266.29 N0J- 0.0 2266.86 

�c 25.0 2095.13 

�c 3.5 2127.68 

99y.c 0.5 2128.40 

�c 0. 1 2129.02 

Water Table 
99Tc 0.0 2129.05 

N0J. 25.0 2084.37 N0J. 3.-5 2100. 12 N0J. 0.5 2100.59 N0J. 0. 1 2100.64 N0J. 0.0 2100.65 

NA- not achieved by the end of the simulation 

MCL 
Arrival Time (vrl 

2142.46 

2600.40 NA NA NA 
2 125.80 

2420.39 

3640.35 NA NA 
21 13.36 

2199.60 

2205.42 

2206.46 

2206.59 

2100.97 

2146.82 

2148.88 

2149.07 

2 149. 12 
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Peak Arrival Time 
lvrl 
2228.50 

2991.50 

5975.00 

3573.00 

3441.00 

2228.50 

2991.50 

5982.00 

3590.50 

3453.50 

2228.31 

2991.3 1 

5974.30 

>12005 

>12005 

2228.3 1 

2991.3 1 

5982.3 1 

>12005 

>12005 

Mean 
Peak Arrival 

Concentration Time 

loCI/Ll (yr) 

2.09E+04 2227.24 

3 . 15E+-04 2977.98 

4.58E+o2 5857�26 

1 . 1 5E+o2 7034.05 

1 .09E+o2 >8000.00 
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6.02E+-OO 7062.64 
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Figure S.36. Calculated Distributions for 99Tc at the Water Table Under 
a Recharge Rate of O.S mm/yr based on STOMP Simulations 
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Figure S.37. Calculated Distributions for N03" at the Water Table Under a Recharge Rate of 
O.S mm/yr based on STOMP Simulations. The dotted line is the MCL of.IO mg/L. 
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Figure 5.38. Calculated Distributions for 99Tc at the Water Table Under a 
Recharge Rate of0.1 mm/yr based on STOMP Simulations 
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Figure 5.39. Calculated Distributions for N03- at the Water Table Under 
a Recharge Rate of 0.1 mm/yr based on STOMP Simulations 

5.39 
G-85 



100 

::; 80 

"' 60 "' 
• :::S  
0 
(I) 
:::s 
CT 
< 40 

20 

DOE/RL-2004-66 DRAFT A 

0 ....,.._-----,---,----.-------,---,----.-------,----,r----.------1 

2005 4005 6005 8005 10005 12005 

calendar Year 

Figure S.40. Calculated Distributions for "Tc at th� Water Table Under a 

, ..,  0 z 
lfl 
:::s 

8 

� 4 
0-
c( 

2 

Recharge Rate of 0.0 mm/yr based on STOMP Simulations 

0 -+<------.--.-----,--�--�-�---,--�-----.------< 

2005 4005 6005 8005 10005 12005 
Caloodar Year 

Figure S.41. Calculated Distributions for No,· at the Water Table Under a 
Recharge Rate of 0.0 mm/yr based on STOMP Simulations 
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Owing to the large inventory of99Tc and NO3-; the high mobility of the two contaminants; and the long halflife of �c, the no action case would not remove the threat to groundwater and would be less desirable than capping. Based on the foregoing analyses, capping would significantly delay the arrival of mobile contaminants at the water table but leachate concentrations reaching the water table would be in excess of the MCLs. However, application of the soil screening level (SSL) analysis and calculation of dilution attenuation factors for the different recharge rates show that all of the capping alternatives would reduce concentrations ofNO3- and 99Tc at a receptor well to levels significantly below their MCLs. Both modeling approaches show consistency in the results. 
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6.0 Summary and Conclusions 

The possibilities and advantages of sinmlating the fate and transport of mobile contaminants at the BC trench s.ite to aid in the selection .of remedial .options bav.c been demonstrated using two approaches. The different approaches were used to evaluate two remedial alternatives to determine whether a given alternative eliminated, reduced, or controlled threats to the groundwater, thereby providing protection of human health and the environment over time. The options chosen for comparison were the no-action alternative, in which the site is left in its current state, and a capping alternative, in which caps of different degrees ofrobustness were eotqJared. In this study, we analyzed the impact of hypothetical caps offering varying degrees of protection. Sinn.dated caps limited recharge to 0.5 mm yr-1, 0.1 mm yr-1 and 0.0 mm yr-1 and were all assumed to be installed in the year 2102. All of the simulations ignored cap degradation, failure, any contnbution of side slopes to peripheral recharge. 
The first approach. based on a siiq,le analytical convolution solution to the convective-dispersive equation, asswned steady flow and .allowed for spatially averaged water content .or one that varied with depth to calculate the pore water velocity. Fitting of field Sa.II1)ling data to the model produced excellent results, and the fitted parameters were used to predict the redistribution of the existing contaminant inventory over time under the different remedial options. Using this approach to analyze the iiq,act of surface barriers demonstrated the dramatic impact that surface barriers could have on arrival times. Based on the 1-D .convolution model, all of the capping alternativ.es were superior to the no-action .altemativ.es, significantly delaying arrival times at a eotq)liance point and reducing concentrations- to values below the MCLs. 
The limitations of applying a 1-D steady-flow analysis to an inherently 3-D transient problem were r.ecognized. Thus, in the second approach the �arison of the r-emedial altemativ.es was repeated for transient flow in a nmltidimensional domain using the STOMP sinmlator. Transient water flow was simulated based on the Richards' equation with gravity and capillary potential gradients while transport was described by the convective-dispersive equation with a linear-distribution coefficient. Initial conditions were established by allowing the pressure head to reach equilibriwn conditions under a .constant flux of 3.5 mm yr-1 up to the year 1956. Initial .contaminant concentrations were .asswned to be zero, and the plume distnbution at the time of characteriz.ation in December 2003 was first simulated. The resulting plume was then exposed to different remedial actions to control recharge, and its remobiliz.ation was examined 
Unlike previous analyses in which small-scale stratigraphic changes are ignored, the mobile species {99Tc and N03) moved laterally with the water and r-emained high above the water table, even after 4 7 years in the ground STOMP sirrwlations show significant movement of water and contaminants to the south the 216-B-28. Antecedent moisture from the soil colwtm was pushed ahead by the waste water discharges but contained no contaminants. Results show a strong dependence of the structure of subsurface flow networks on recharge rate and saturation with lateral flow dominating under certain conditions. Results also suggest that some regions of the porous mediwn that were accessible during the initial high-flux discharges may have become relatively inaccessible as desaturation occWTed These regions may again become accessible to infiltrating water only if saturations and fluxes similar to those at the time of trench operations reoccur. This appears unlikely under cWTent and expected recharge scenarios. This combination of factors may explain why �c, almost 50 years after being discharged to the shallow 6.1 G-88 
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subsurface, is still over 50 m above the water table. Model predictions of the current plume distnbution 
were remarkably similar to field observations. The predicted peak concentration under 216-B-26 was less 
than 20 percent higher than the peak observed in C4 19 l sa�les. The discharges from the multiple 
trenches appear to have commingled to form a single plume in zone between 20 and 50 m This is also 
similar to the observed zone 25 to 50 m zone of contamination observed in the C4 l 91 borehole. Having 
successfully predicted the current location of the plume, the STOMP model was used to predict its 
behavior under the two remedial alternatives. 

All of the hypothetical caps significantly delayed first arrival. arrival of the MCL and arrival of the peak 
when compared to no-action alternative. Although leachate concentrations were in excess of the MCls, 
soil screening levels and calculated concentrations at a hypothetical receptor located 100 m down gradient 
show that drinking water standards would be protected. First arrival and arrival of the MCLs were 
identifiable for all the caps. However, in spite of running the model out to year 12005, peak 
concentrations for the 0. 1 and 0.0 nnn yr·1 barriers were indeterminable. In general, the results of the 1 -D 
convolution solution were in agreement with the STOMP sinrulations. However, it would have been 
impossible to make independent predictions of the current inventory distnbution based using this 
approach. Thus, the 1-D convolution approach may be most useful at sites with characterization data that 
allows estimation of the extent of lateral spreading or that provides infonnation on the distnbution of the 
contaminant inventory. Alternatively, the potential ixq>act of lateral spreading could be obtained from 
characterized sites with similar depositional environments or by characterizing the spatial correlation 
structure of the site of interest Both approaches confirm on-site capping to be an effective technology for 
increasing the residence time of mobile contaminants in the vadose zone. Undoubtedly, all of the .capping 
alternatives delayed the arrival times of 99Tc and N�- at the water table significantly beyond those 
predicted for the no-action alternatives. In this regard, capping is the superior alternative offering 
protection to human health and the environment simply by increasing the residence time for �c and 
N03- in the vadose zone. 

Based on the foregoing analyses and the colll)arison of projected concentrations of mobile contaminants 
reaching the water table no-action alternatives would fail to reduce contaminant concentrations to soil 
screening levels. Consequently, concentrations reaching a receptor 100 m down gradient of the waste site 
would exceed the MCLs and the no-action alternative would fail to eliminate the threat to groundwater. 
Owing to the large inventory of99Tc and N�-. the high mobility of the two contaminants, and the long 
half life of 99Tc, additional measures would therefore be required to meet the appropriate screening levels 
_or to further increase residence time. The capping alternatives would be successful in removing this 
threat though an increase in the residence time and a reduction in mass flux. As a result concentrations 
reaching the receptor would fall below the MCLs with all of the capping alternatives. 
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FOCUSED FEASIBILITY STUDY EVALUATION OF IN SITU TECHNOLOGIES FOR 
IMMOBILIZATION OF TECHNETIUM BENEATH THE BC CRIBS 

AND TRENCHES AREA 

Hl.0 INTRODUCTION 

The scope of this report is to describe potential in situ technologies for immobilizing technetium 
beneath the BC Cribs and Trenches Area in the 200 East Area or preventing its migration to 
receptors. The report also contains an evaluation of these technologies with respect to 
Comprehensive Environmental Response, Compensation, and Liability Act of1 980 (CERCLA) 
focused feasibility study evaluation criteria. 

H2.0 CONCEPTUAL MODEL FOR IN SITU 
TECHNOLOGY ASSESSMENT 

The implementability, effectiveness, and cost of in situ technologies strongly depend on the 
subsurface hydrogeology and the contaminant distribution. This dependence results from the 
need to distribute amendments to the subsurface as part of implementing in situ technologies. 
Interpretation of the information from the C4 l 9 l borehole and the C4192 shallow drive casing 
hole in the 2 1 6-B-26 Trench in the BC Cribs and Trenches Area provides the following 
conceptual model for the hydrologic features of the subsurface and related distribution of Tc-99. 

The Tc-99 distribution beneath the BC Cribs and Trenches Area is localized to specific depth 
intervals in the subsurface (Figure H-1) .  The first 24 m below ground surface (bgs) has 
negligible Tc-99 contamination (<5 pCi/g) and is at non-detect levels for the first 1 8  m bgs. 
Between 26 and 34 m bgs, however, the concentration ofTc-99 abruptly increases to between 
50 and 1 00 pCi/g. The concentration is diminished to approximately 40 pCi/g between 34 and 
37 m bgs, but then rises again to approximately 80 pCi/g by a depth of 41 m bgs. By a depth of 
44 m bgs, the Tc-99 concentration is below 1 0  pCi/g and falls to negligible levels (<5 pCi/g) by a 
depth of 47 m bgs with non-detect levels by 53 m bgs. This non-uniform Tc-99 distribution 
suggests that hydrologic features may be controlling the Tc-99 distribution. 

Logging of borehole C4191 using a neutron probe provided a profile of the moisture content in 
the subsurface below the BC Cribs and Trenches Area between 2 1  m bgs and the water table 
(Figure H-2). The depth interval from about 24 m bgs and 35 m bgs contains four spikes in 
moisture content over thicknesses of 1 .5 m or less. These spikes appear to be indicative of layers 
with higher silt content than the surrounding subsurface. Visual observation of core material 
from these depths qualitatively supports this interpretation, although the observed materials are 
from core barrel samples, not from discrete split-spoon samples. Additional spikes in moisture 
content are not observed again until 4 7 m bgs. Again, this thin spike ( <1 .5 m) appears to 
correspond to a silty layer. Below 47 m bgs, the moisture content is relatively uniform and 
observation of the core material indicates relatively coarse sediments prevail . 
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Examination of the C41 92 neutron probe borehole log also reveals variation in the moisture 
content that may correspond to vertical variations in silt content to a depth of 12 m bgs where the 
logging was discontinued (Figure H-3). The average moisture content in this shallow zone 
(3 to 12 m bgs) as measured in borehole C4192 is significantly higher than the average moisture 
content measured in borehole C4191 at depths below 21 m bgs. Data are not available for 
moisture content between 12 and 21  m bgs in the vicinity of these two boreholes. 

The areal extent of contamination is 8 .9E4 m2 (~22 acres), based on the assumption that similar 
waste was disposed of at the 21 6-B-14 through 216-B-19 Cribs and the 2 16-B-20 through 
216-B-34 and 216-B-52 Trenches and that the waste from these cribs merged into one subsurface 
plume (Figure H-4). The estimated areal extent also assumes that the plumes do not extend 
significantly beyond the boundary of the location of the cribs at the surface. Modeling and 
high-resolution resistivity characterization are planned to refined this estimate for the areal extent 
of the plume. 

The infonnation presented above suggests a conceptual model ofTc-99 contamination in the 
subsurface at the BC Cribs and Trenches Area that links the distribution of contaminant to the 
presence of a series of thin silty layers at a depth of between 26 and 47 m bgs. Current Tc-99 
contamination is distributed within and between these thin silty layers down to the layer at 
47 m bgs. Below the deepest silty layer at 47 m bgs a few other thin silty layers exist to a depth 
of about 55 m bgs. Below 55 m bgs, however, the subsurface is drier, coarser material. Thus, 
there is not a thick underlying unit constraining downward migration of contaminated water. 
Rather, the thin silty layers underlain with coarse material act as capillary breaks that limit 
downward water migration. These thin silty layers would have a low capacity for accumulating 
water before downward migration would continue. The historic and current water and 
contaminant conditions have led to Tc-99-contaminated water held at relatively low moisture 
content between 26 and 47 m bgs. There likely is a significant contrast of horizontal 
permeability between these thin silty layers and the intenningled coarser materials. The contrast 
in vertical permeability may be even larger. 

The key biogeochemical characteristics considered in this analysis to impact in situ technologies 
relying on reductive processes include a reducible iron content of 18.4 mmole/kg-soil 
(Fredrickson et al. 2004a, value for NH2OH-HC1 extractable iron in Ringold sediments), a 
reducible manganese content of 17 1  mmole/kg-soil (Fredrickson et al. 2004a, value for 
NH2OH-HCl extractable manganese in Ringold sediments), and low population of 
microorganisms, especially facultative and anaerobic microorganisms. Reduction ofTc-99 has 
been observed and induced in laboratory tests using Ringold Formation and Hanford formation 
sediments at the Hanford Site. The soil gas is assumed to have an oxygen content of near 
atmospheric levels. 

The following features of the conceptual model for the subsurface at the BC Cribs and Trenches 
Area must be addressed by in situ technologies. 

• The amount of water introduced to the subsurface is important, because there is no 
significant barrier to downward water movement in the vadose zone. 
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• The impact on water distribution in the subsurface must be considered if the hydraulic 
conductivity of the subsurface is changed by the in situ technology. 

• There are large contrasts in permeability at multiple vertical locations within the 
Tc-99-contaminated zone and immediately below this zone. The layers of low 
permeability material are thin ( <1 .5 m). Layers identified as generally coarse may be 
laminated by very thin lenses of less permeable material. 

• The contaminated zone in the subsurface is nominally 2 1  m thick starting at a depth of 
26 m. 

• The areal extent of contamination is 8.9E4 m2 resulting in an estimated 
1 .89E6 m3 volume of the subsurface contaminated with Tc-99. 

H3.0 EVALUATION CRITERIA 

In situ technologies initially were evaluated based on the seven CERCLA criteria for feasibility 
studies. 

Primary Balancing Criteria 

The primary balancing criteria applied in the technical evaluation included the following. These 
are the first five CERCLA evaluation criteria: 

• Long-term effectiveness and pennanence 
• Reduction of toxicity, mobility, or volume through treatment 
• Short-term effectiveness 
• Implementability 
• Cost. 

The details of the evaluation for each of these criteria are described as follows. 

Long-Term Effectiveness and Permanence was evaluated in terms of the following: 

• The extent to which o�ygen degrades the effectiveness or stability of a treatment 
alternative 

• Engineering judgment of technical certainty that the remedy would effectively achieve 
the desired protection of groundwater. 

Reduction of Toxicity, Mobility, or Volume was evaluated in terms of the following: 

• Reduction of toxicity, mobility, or volume related to the mechanism of immobilization 
and the resultant reduction of mobile technetium and duration of immobilization before 
re-treatment is required. 
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Short-Term Effectiveness was evaluated in terms of the following: 

• The quantity of free-water addition required to effect the treatment. The amount of free 
water relates directly to the potential for the in situ treatment to increase the driving force 
for migration ofTc-99 toward the groundwater. 

Implementability was evaluated in terms of the following: 

• Number, size, or physical extent of boreholes, wells, or other subsurface access required 
to apply an alternative. The extent of subsurface access is related to the efficiency of 
distributing amendments to the subsurface. 

• The complexity of aboveground equipment necessary to implement the alternative 

• Quantity of waste generated during implementation and any required reapplications of 
the technology 

• Administrative or permitting activity or concerns ( e.g., toxic air emission concerns, 
permitting requirements). 

Cost was evaluated as follows. 

A cost estimating methodology was selected with a resolution appropriate for the evaluation and 
the type of information available for the in situ technologies. The cost estimates were developed 
in accordance with the procedures proscribed by EP NS40/G-89/004, Guidance for Conducting 
Remedial Investigations and Feasibility Studies under CERCLA, (Interim Final)and the 
screening process described in the "National Oil and Hazardous Substances Pollution 
Contingency Plan" [40 CFR 300.430(e)(7)(iii)] . The following summarizes the costing approach 
that was employed. 

For the in situ technology evaluation, the design for alternatives is conceptual, not detailed. 
Insufficient information exists to determine a life-cycle-cost for the in situ alternatives. 
Therefore, the cost evaluation only included an estimate of the capital and initial implementation 
costs for the alternative. The cost estimates have an expected accuracy range of -SO to 
+500 percent. The cost estimates focused on relative accuracy and consistency. 

Threshold Criteria 

The threshold criteria relate to statutory requirements and included the following: 

• Overall protection of human health and the environment 
• Compliance with applicable or relevant and appropriate requirements (ARAR). 
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Description and Evaluation of In Situ Technology Alternatives 

The following technologies were considered for application to immobilizing and preventing 
migration of Tc-99 in the subsurface to down-gradient receptors. 

• Alternative 1 - In Situ Gaseous Reduction (ISGR) 

• Alternative 2 - In Situ Technetium Bioreduction 

• Alternative 3 - Vadose Zone Permeable Reactive Barrier 

• Alternative 4a - Saturated Zone In Situ Redox Manipulation (ISRM) Permeable Reactive 
Barrier 

• Alternative 4b - Saturated Zone Bioreduction Permeable Reactive Barrier 

• Alternative 5 - In Situ Grouting 

• Alternative 6 - Soil Desiccation. 

Alternative 1 - In Situ Gaseous Reduction 

Description 

ISGR is a vadose zone remediation technology that uses a hydrogen sulfide/nitrogen gas mixture 
to reduce contaminants and sediment-associated iron. For contaminants such as chromate, 
uranium, and technetium, the reduced species are significantly less mobile than the oxidized 
species. With the reduction of sediment-associated iron, the ISGR technology creates a reducing 
zone within the subsurface that will continue to reduce contaminants or other oxidants 
(e.g., oxygen) that migrate into the treatment zone until the reducing capacity becomes depleted. 
The capacity of the reducing zone is a function of the reducible iron content in the sediment. 

Data are available in PNNL-141 87, Hanford Site Groundwater Monitoring/or Fiscal Year 2002, 
pp. 3 .3-10-3 .3-14. The Environmental Management Science Program (EMSP) also is 
sponsoring research in this area. The data in PNNL-14187 and from the EMSP research are used 
to describe the reduction of chromate, uranium, and technetium in Hanford sediments. 
Sediments for these laboratory experiments were collected during the drilling of 
well 299-W22�50, located just southeast of the Waste Management Area SX Tank Farm in the 
200 West Area of the Hanford Site (PNNL-13757-1 ,  Characterization of Vadose Zone 
Sediment: Uncontaminated RCRA Borehole Core Samples and Composite Samples). The 
sediment was collected in the depth range of 1 9  to 29.5 m below ground surface in Hanford 
formation sand. Experiments consisted of laboratory column tests to examine contaminant 
reduction and the capacity of the hydrogen sulfide-created reducing zone under water-saturated 
flow conditions. For the Hanford sediment used in these tests, 0.027 mmoles of hydrogen sulfide 
was consumed per gram of sediment in reducing sediment-associated iron. Using an 
approximate 1 mole hydrogen sulfide to 1 mole oxidized iron/manganese stoichiometry, the 
hydrogen sulfide-reducible iron/manganese in the sediment was, therefore, on the order of 
0.027 mmole/g. For comparison, Fredrickson et al. (2004a) reported about 0.01 8 mmole/g of 
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NH2OH-HCl extractable iron and 0. 1 7  mmole/g ofNH2OH-HCl extractable manganese in 
Ringold formation sediments. 

For in situ application ofISGR at the BC Cribs and Trenches Area, the effectiveness of the 
process primarily depends on the ability to distribute hydrogen sulfide gas within the desired 
treatment zone while precluding oxygen and, related to the longevity of maintaining reducing 
conditions, the concentration of iron and manganese in the subsurface. Effective distribution at 
the field scale has been demonstrated in the vadose zone for treatment of chromate. 
PNNL-1212 1 ,  In Situ Gaseous Reduction Pilot Demonstration - Final Report, demonstrated the 
ISGR process at the White Sands Proving Grounds where a combination of gas injection and 
vacuum extraction wells was used to distribute the hydrogen sulfide gas. In the demonstration, 
six extraction wells surrounded a central vacuum well at a radius of 5 m. Larger scale 
distribution systems may be possible, but the even distribution of hydrogen sulfide gas must be 
achieved (i.e., avoidance of channeled flow where a portion of the subsurface is not contacted by 
the gas). 

A conceptual design for ISGR was developed to use in evaluation of this alternative. 
Implementing ISGR throughout the technetium-contaminated volume requires distributing a 
hydrogen sulfide/nitrogen gas mixture and maintaining anoxic conditions within the treatment 
zone. The amendment requirements for the conceptual design were estimated based on a mass 
balance approach using the total inventory of technetium disposed (PNNL-1 1800, Addendum to 
Composite Analysis for Low-Level Waste Disposal in the 200 Area Plateau of the Hanford Site), 
an estimate of the oxygen content in the treatment area of the vadose zone, an estimate of the 
reducible iron and manganese content in the sediments (Fredrickson et al. 2004a, values for 
Ringold sediment from the White Bluffs), and the estimated stoichiometry of the reactions 
(based on information in Cantrell et al. 2003, "Oxidation ofH2S by Iron Oxides in Unsaturated 
Conditions"). Table H-1 summarizes the amendment requirements for treatment of the 
contaminated vadose zone based on a contaminated volume of l .9E6 m3 (3. l 8E9 kg with a bulk 
density of 1 700 kg/m3). Values for a reduced volume and level of iron/manganese reduction are 
shown in the table to illustrate the impact of partial treatment ( e.g.� less thickness, less areal 
extent) on the amendment requirements. 

The number of injection wells needed was estimated using a well spacing about 5 times larger 
than used in the demonstration ofISGR at the White Sands Proving Grounds. For an areal extent 
of 8.9E4 m2, it is estimated that 140 wells are needed at a nominal well coverage of one well per 
625 m2

• This coverage corresponds to a regular rectangular well spacing of about 25 m between 
wells. It was assumed that addition of air would maintain or reduce the water content of the 
vadose zone in the treatment area and not impact the overall driving force for downward 
technetium-contaminated water migration. Further, it was assumed that added hydrogen 
sulfide/nitrogen gas would effectively diffuse into the thin silt lenses so that distribution in the 
vadose zone was nominally uniform across the treatment area. The type of aboveground 
equipment ·used for the White Sands demonstration was assumed to be sufficient for 
implementing ISGR at the BC Cribs and Trenches Area. 

For the Tc-99 reduction treatment to be successful, maintenance of anoxia in the vadose zone 
over the long-term is necessary to avoid re-oxidation of the Tc(IV) and associated Fe(Il)/Mn(II). 
Reduced Fe(II) and Mn(II) provide a buffer to re-oxidation ofTc(IV). The longevity of the 
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treatment is related to the mass of these reduced species and the influx of oxygen to the treated 
area. 

The selected treatment zone could include the entire contaminated volwne (this alternative) or 
the ISGR process could be used to reduce sediment iron and manganese in a zone beneath the 
current contamination to create a permeable reactive barrier in the vadose zone (see 
Alternative 3). Another possible alternative to reducing Tc(VII) in the vadose zone and 
maintaining it in the reduced state is to use ISRM in the groundwater and use dithionite to reduce 
sediment-associated Fe(III) in aquifer sediments beneath the BC Cribs and Trenches Area. 
Although similar issues exist regarding the oxidation ofFe(II)/Mn(II) and Tc(IV) in the saturated 
zone, these reactions would be expected to be considerably slower than in the vadose zone 
because of a lower flux of oxygen into the treated zone (see Alternative 4a). 

Evaluation 

Evaluation of the alternative using the seven CERCLA criteria is presented as follows. 

· Long-Term Effectiveness and Permanence 

• The extent to which oxygen degrades the effectiveness or stability of a treatment 
alternative. 

- Oxygen is expected to degrade the stability of Tc-99 after the reduced iron and 
manganese are reoxidized. The stability of the treatment is therefore directly related 
to the extent of iron and manganese reduction in the treatment area. ISGR is expected 
to provide a greater buffering capacity than bioreduction can provide because of the 
sulfur added to the subsurface 

• Engineering judgment of technical certainty that the remedy would effectively achieve 
the desired protection of groundwater. 

- Maintaining anoxia in the vadose zone over the long-term to avoid re-oxidation to 
pertechnetate is a primary issue with reductive immobilization of pertecbnetate. 
Laboratory experiments with nanocrystalline biogenic TcO2 have indicated that this 
phase is rapidly (hours to days) oxidized to TcO4• in air (Long et al., "Assessing the 
Potential for In Situ Bioimmobilization ofTc-99 at the Hanford Site"). Similarly, it 
has been observed that the oxidation ofbiogenic Fe(II)-reduced Tc(VII) in sediments 
is relatively slow (days to months) to reoxidize and that the greater the extent of 
sediment Fe(ill) reduction, the more slowly the Tc(IV) oxidizes when exposed to air. 
This effect may be due to Fe(II) serving as a buffer against oxidation by competing 
for 02 and possible physical protection by forming Fe(III) precipitates that coat the 
TcO2. Reduced TcO2 also is slowly oxidized (weeks) in sediments where manganese 
oxide bioreduction is incomplete (Fredrickson et al. 2004a) .  Similar trends would be 
expected with hydrogen sulfide-reduced sediments. Considerable uncertainty exists 
regarding the rate at which TcO2 may reoxidize in the Hanford vadose zone in the 
absence of periodic inputs of hydrogen sulfide to maintain the appropriate reduced 
iron and manganese conditions required to maintain reduced Tc-99. 
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- Even distribution of gaseous materials in the treatment zone under the subsurface 
conditions at the BC Cribs and Trenches Area is uncertain. There is some experience 
with distribution of tracers in the Hanford subsurface. However, the gas distribution 
system is a significant design issue for implementing ISGR on a large scale. 

- These uncertainties could be addressed in treatability studies to obtain site-specific 
information. This information would build on the previous and ongoing research 
through the EMSP. 

Reduction of Toxicity, Mobility, or Volume 

• Reduction of toxicity, mobility, or volume related to the mechanism of immobilization 
and the resultant reduction of mobile technetium and duration of immobilization before 
re-treatment is required. 

- The period of time that ISGR will maintain Tc-99 in an immobile state depends on 
the amount of reduced iron and manganese and the flux of 02 into the treated area. In 
one pore volume (porosity = 0.3) of 1 m3 ofvadose zone, soil gas with a 20 percent 
content of 02 contains about 2.5 moles of 02 at standard temperature and pressure. In 
comparison, using the NH2OH-HC1 extractable iron and manganese content of 
Ringold sediment presented by Fredrickson et al. (2004a), 1 m3 ofvadose zone 
contains about 300 moles ofreduced iron and manganese if fully reduced. 

Short-Term Effectiveness 

• The quantity of free-water addition required to effect the treatment. The amount of free 
water relates directly to the potential for the in situ treatment to increase the driving force 
for migration ofTc-99 toward the groundwater. 

- It is assumed that the driving force for migration ofTc-99 would not be increased 
through distribution of the hydrogen sulfide gas mixture. Potentially, drying of the 
subsurface during gas distribution may occur and result in a decreased driving force 
for Tc-99 migration. 

Implementability 

• Number, size, or physical extent of boreholes, wells, or other subsurface access required 
to apply an alternative. The extent of subsurface access is related to the efficiency of 
distributing amendments to the subsurface. 

- A conceptual design estimate of 1 40 vertical wells to a depth of about 48 m 
represents a significant activity for drilling through the highly contaminated shallow 
vadose zone within the trenches and cribs in the BC Cribs and Trenches Area. It is 
anticipated that the wells would be installed to avoid the most contaminated 
sediments by avoiding drilling within a trench or crib. Potentially, horizontal wells 
could be implemented, but may not be effective for distribution of gaseous materials 
across the desired depth interval due to the presence of numerous silt layers. 
Significant design activity is needed to determine an effective means for evenly 
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distributing gaseous materials in the subsurface beneath the BC Cribs and Trenches 
Area. 

• The complexity of aboveground equipment necessary to implement the alternative. 

- The aboveground equipment would consist of relatively simple unit operations. 
However, significant safety devices and monitoring likely would be required for 
handling large quantities of hydrogen sulfide gas. 

• Quantity of waste generated during implementation and any required reapplications of 
the technology. 

- Significant investigation-derived waste (IDW) would be generated from installing 
140 boreholes. The IDW could contain significant contamination from penetration of 
the shallow vadose zone. 

• Administrative or permitting activity or concerns ( e.g., toxic air emission concerns, 
permitting requirements). 

- The administrative burden for implementation of this alternative is considered higher 
that average due to the handling of hydrogen sulfide gas. 

The capital and initial implementation cost for ISGR are estimated to be $22.4M with an 
accuracy range of -50 to +500 percent. Details of the cost estimate are provided in the 
attachment. 

Threshold Criteria 

The following threshold criteria relate to statutory requirements and would be met acceptably 
with ISGR if the implementation were effective: 

• Overall protection of human health and the environment 
• Compliance with ARARs. 

Alternative 2 - In Situ Technetium Bioreduction 

Description 

Microbial reactions have been shown to mediate reduction ofpertechnetate [Tc(VII)O41 to 
Tc(IV)O2 via the following two mechanisms: 

• Direct coupling of technetium reduction to oxidation ofH2 or organic compounds 
(Lloyd and Macaskie 1996, "A Novel Phosphorimager-Based Technique for Monitoring 
the Microbial Reduction of Technetium"; Lloyd et al. 1 997, "Reduction and Removal of 
Heptavalent Technetium from Solution by Escherichia coli"; Lloyd et al. 1 999, 
"Reduction of Technetium by Desufovibrio desulfuricans: Biocatalyst Characterization 
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and use in a Flowthrough Bioreactor"; and Wildung et al. 2000, "Effect of Electron 
Donor and Solution Chemistry on Products ofDissimilatory Reduction of Technetium by 
Shewane/la putrafaciens") 

• Microbial reduction of naturally-occurring Fe(III) compounds to produce reactive Fe(In 
(i.e., biogenic Fe(II)) that can reduce technetium (Cui and Erikson 1996, "Reduction of 
Pertechnetate in Solution by Heterogeneous Electron Transfer from Fe(Il)-Containing 
Geological Material"; Lloyd et al. 2000; and Fredrickson et al. 2004a. 

For either mechanism, the process of technetium reduction is initiated through stimulating the 
activity of microorganisms with an added microbial substrate. Glucose, lactate, and hydrogen 
have been used to successfully stimulate technetium reduction in laboratory treatments, but other 
substrates may work equally well. Because microorganisms are the catalyst of the overall 
reaction, the rate of reaction is proportional to the population of active microbes and their 
intrinsic rate for the mediating reaction under the prevailing subsurface conditions. 

Evidence for the potential that technetium bioreduction activity can be induced at the Hanford 
Site through addition of microbial substrates and other amendments was reported by 
Long et al. (2004). In these laboratory studies, technetium reduction apparently was mediated by 
sediment-associated Fe(II) in sediments collected from the aquifer at the 200 Area 
UP-1 Operable Unit. Technetium reduction was rapid for all of the experimental conditions. 

· Physical cleavage of sediment particles during sample collection, exposing fresh mineral 
surfaces with reactive Fe(II), was postulated as the mechanism for the rapid reduction. 
Additional laboratory experiments with sediments collected at the capillary fringe of the aquifer 
in the 300 Area and amended with organic carbon substrates showed evidence for 
microbiological technetium reduction with long lag periods typical of tests with low initial 
populations of microorganisms. Other studies have indicated that the unconfined aquifer at the 
Hanford Site has relatively low indigenous population of microbes {Kieft et al. 1995, 
"Microbiological Comparisons Within and Across Contiguous Lacustrine, Paleosol, and Fluvial 
Subsurface Sediments"). 

For in situ application of technetium bioreduction at the BC Cribs and Trenches Area via either 
mechanism described above, the effectiveness of the process depends on several factors. The 
presence of native microorganisms capable of dissimilatory metal reduction is necessary 
because, at present, means to effectively distribute and stimulate exogenous microbes in the deep 
vadose zone has not been developed or demonstrated. If the initial population of the appropriate 
microorganisms is low such that the technetium reduction rate is low, amendments to promote 
population growth are required. For population growth and technetium reduction reactions, the 
geochemical conditions in the subsurface (e.g., presence and form ofFe(III) and 
microbially-reducible compounds, availability of nutrient such as nitrogen, pH) will impact the 
rate of reaction. Additionally, the activity of microorganisms in the vadose zone is a function of 
the water matric potential. Net bioreduction of technetium only occurs in the absence of 02. 

A conceptual design for in situ technetium bioreduction was developed to use in evaluation of 
this alternative. Implementing bioreduction throughout the technetium-contaminated volume 
requires distributing microbial substrate and maintaining anoxic conditions within the treatment 
zone. The only gas-phase substrate tested to date is hydrogen. While this substrate is viable as 
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an electron donor, it does not serve as a carbon source to promote population growth. Thus, a 
combination of hydrogen and a growth substrate is needed. Brockman et al. 2003, "Integrated 
Field, Laboratory, and Modeling Studies to Determine the Effects of Linked Microbial and 
Physical Spatial Heterogeneity on Engineered Vadose Zone Bioremediation," suggested that 
anoxic processes in the vadose zone could be induced by introducing a gaseous substrate such as 
small chain al.kanes/alkenes (e.g., propane, propylene) that serves as a substrate for 
microorganisms under the existing aerobic conditions in the aquifer. As the microorganisms 
consume the alkane, oxygen is depleted. The bacterial biomass that is produced during this 
process decays under the anoxic conditions caused by the previous activity and can be a carbon 
source to other bacteria that thrive under anoxic conditions. Thus, it may be feasible to devise a 
bioreduction process in the vadose zone whereby a small chain alkane/alkene such as propane or 
propylene is initially distributed to create anoxic conditions and build up a reserve of organic 
carbon in the sediments. Hydrogen gas then could be distributed to serve as a.substrate for 
anoxic microbial reactions including the reduction of technetium, iron, and manganese. 
Each component of this process has been demonstrated in the laboratory: microbial 
consumption of small chain alkanes/alkenes in the Hanford vadose zone (Brockman et al. 2003); 
microbial reduction of technetium using hydrogen as a substrate (Wildung et al. 2000; 
Fredrickson et al. 2004a); and microbial reduction ofFe(III) in Hanford sediments with 
subseque�t reduction of technetium (Fredrickson et al. 2004a). 

The amendment requirements for the conceptual design were estimated based on a mass balance 
approach using the total inventory of technetium disposed (PNNL-1 1800), an estimate of the 
oxygen content in the treatment area of the vadose zone, an estimate of the reducible iron and 
manganese content in the sediments (Fredrickson et al. 2004a, values for Ringold sediment from 
the White Bluffs), and the expected stoichiometry of the reactions. Table H-2 summarizes the 
amendment requirements for treatment of the contaminated vadose zone based on a 
contaminated volume of l .9E6 m3 (3 .1 8E9 kg with a bulk density of 1700 kg/m3). Values for a 
reduced volume and level of iron/manganese reduction are shown in the table to illustrate the 
impact of partial treatment (e.g., less thickness, less areal extent) on the amendment 
requirements. 

The number of injection wells needed was estimated using a well spacing about 5 times larger 
than used in the demonstration oflSGR at the White Sands Proving Grounds. For an areal extent 
of 8.9E4 m2

, it is estimated that 140 wells are needed at a nominal well coverage of one well per 
625 m2

• This coverage corresponds to a regular rectangular well spacing of about 25 m between 
wells. It was assumed that addition of humidified air would sufficiently maintain the matric 
potential of the vadose zone in the treatment area to within a range acceptable for effective 
microbial activity without adding enough water to impact the overall driving force for downward 
technetium migration. Further, it was assumed that added gas-phase amendments would 
effectively diffuse into the thin silt lenses so that distribution in the vadose zone was nominally 
uniform across the treatment area. 

For the Tc-99 bioreduction treatment to be successful, maintenance of anoxia in the vadose zone 
over the long-term is necessary to avoid re-oxidation of the Tc(IV) and associated Fe(II)/Mn(II). 
Reduced Fe(II) and MN(II) provide a buffer to re-oxidation of Tc(IV). The longevity of the 
treatment is related to the mass of these reduced species and the influx of oxygen to the 
treated area. 
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The selected treatment zone could include the entire contaminated volume (this alternative) or 
the bioreduction process could be used to reduce sediment iron and manganese in a zone beneath 
the current contamination to create a permeable reactive barrier in the vadose zone (see 
Alternative 3). Another possible alternative to reducing Tc(VII) in the vadose zone and 
maintaining it in the reduced state is to use a biobarrier concept in the groundwater and 
biologically reduce sediment-associated Fe(III) in aquifer sediments beneath the BC Cribs and 
Trenches Area. Because it has been demonstrated that biogenic Fe(Il) in Hanford (Ringold) 
subsurface sediment can serve as a facile reductant ofTc(VII) (Fredrickson et al. 2004a), this 
concept could be exploited to reduce Tc-99 in situ in the event that pertechnetate reaches the 
saturated zone. Although similar issues exist regarding the oxidation ofFe(II)/Mn(II) and 
Tc(N) in the saturated zone, these reactions would be expected to be considerably slower than in 
the vadose zone because of a lower flux of oxygen into the treated zone (see Alternative 4b ). 

Evaluation 

Evaluation of the alternative using the seven CERCLA criteria is presented as follows. 

Long-Term Effectiveness and Permanence 

• The extent to which oxygen degrades the effectiveness or stability of a treatment 
alternative. 

Oxygen is expected to degrade the stability ofTc-99 after the reduced iron and 
manganese are reoxidized. The stability of the treatment is therefore directly related 
to the extent of iron and manganese reduction in the treatment area. 

• Engineering judgment of technical certainty that the remedy would effectively achieve 
the desired protection of groundwater. 

- In addition to the possible lack of sufficient microbial biomass to achieve a 
reasonable rate ofTc-99 reduction, there is the issue of maintaining anoxia in the 
vadose zone over the long-term to avoid re-oxidation to pertechnetate. Laboratory 
experiments with nanocrystalline biogenic TcO2 have indicated that this phase is 
rapidly (hours to days) oxidized to TcO4" in air (Long et al. 2004). Similarly, it has 
been observed that the oxidation of biogenic Fe(Il)-reduced Tc(VII) in sediments is 
relatively slow (days to months) to reoxidize and that the greater the extent of 
sediment Fe(III) reduction, the more slowly the Tc(IV) oxidizes when exposed to air. 
This effect may be due to Fe(II) serving as a buffer against oxidation by competing 
for 02 and possible physical protection by forming Fe(Ill) precipitates that coat the 
TcO2 . Reduced TcO2 also is slowly oxidized (weeks) in sediments where manganese 
oxide bioreduction is incomplete (Fredrickson et al. 2004a). Considerable uncertainty 
exists regarding the rate at which TcO2 may reoxidize in the Hanford vadose zone in 
the absence of periodic inputs of microbial substrates to maintain the appropriate 
reduced iron and manganese conditions required to maintain reduced Tc-99. 

- Another issue is whether microorganisms with the desired metabolism are present in 
the vadose sediments. Previous investigations of Hanford vadose sediments by 
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Pacific Northwest National Laboratory investigators and collaborators 
(Fredrickson et al. 2004b, "Geomicrobiology of High Level Nuclear Waste 
Contaminated Sediments at the Hanford Site, Washington"; Balkwill et al. 1 997, 
"Phylogenetic Characterization of Bacteria in the Subsurface Microbial Culture 
Collection") have indicated that this environment is inhabited predominantly by 
microorganisms with strictly aerobic metabolism. In contrast, anaerobic 
microorganisms appear to be more common in the Hanford unconfined aquifer 
(McKinley et al. 1 997, "The Biogeochemistry of Anaerobic Lacustrine and Paleosol 
Sediments Within an Aerobic Unconfined Aquifer"). 

- The form of the reduced Tc-99 can impact the stability of Tc-99 with respect to 
migration. In aqueous-phase laboratory tests, Wildung et al. (2000) found that in the 
presence of carbonate, soluble Tc(N) carbonate complexes were formed. These 
carbonate complexes would have a similar mobility to pertechnetate. In contrast, 
however, laboratory results for biogenic Fe(In-reduced Tc-99 in the presence of 
carbonate did not result in formation of carbonate complexes 
(Fredrickson et al. 2004a) . 

- Even distribution of gaseous materials in the treatment zone under the subsurface 
conditions at the BC Cribs and Trenches Area is uncertain. There are examples of 
gas-phase bioremediation in the vadose zone, but not in the same type of conditions. 

- These uncertainties could be addressed in treatability studies to obtain site-specific 
inf onnation. This information would build on the previous and ongoing research 
regarding Tc-99 bioreduction within the Natural and Accelerated Bioremediation 
Research (NABIR) program and the EMSP. With the currently available data, 
significant uncertainties still exist with Tc-99 bioreduction in the vadose zone. 

Reduction of Toxicity, Mobility, or Volume 

• Reduction of toxicity, mobility, or volume related to the mechanism of immobilization 
and the resultant reduction of mobile technetium and duration of immobilization before 
re-treatment is required. 

- The period of time that bioreduction will maintain Tc-99 in an immobile state 
depends on the amount of reduced iron and manganese and the flux of 02 into the 
treated area. In one pore volume (porosity = 0.3) of I m3 of vadose zone, soil gas 
with a 20 percent content of 02 contains about 2.5 moles ofO2 at standard 
temperature and pressure. In comparison, using the NH2OH-HCI extractable iron and 
manganese content of Ringold sediment presented by Fredrickson et al. (2004a), 
I m3 of vadose zone contains about 300 moles of reduced iron and manganese if 
fully reduced. 
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Short-Term Effectiveness 

• The quantity of free-water addition required to effect the treatment. The amount of free 
water relates directly to the potential for the in situ treatment to increase the driving force 
for migration ofTc-99 toward the ground'\¥ater. 

- Using the conceptual model of a two-step injection of a small chain alkane followed 
by hydrogen, it is assumed that the driving force for migration ofTc-99 would not be 
increased. 

Implementability 

• Number, size, or physical extent of boreholes, wells, or other subsurface access required 
to apply an alternative. The extent of subsurface access is related to the efficiency of 
distributing amendments to the subsurface. 

- A conceptual design estimate of 1 40 vertical wells to a depth of about 48 m 
represents a significant activity for drilling through the highly contaminated shallow 
vadose zone within the trenches and cribs in the BC Cribs and Trenches Area. It is 
anticipated that the wells would be installed to avoid the most contaminated 
sediments by avoiding drilling within a trench or crib. Potentially, horizontal wells 
could be implemented, but may not be effective for distribution of gaseous materials 
across the desired depth interval due to the presence of numerous silt layers. 
Significant design activity is needed to determine an_ effective means for evenly 
distributing gaseous materials in the subsurface beneath the BC Cribs and Trenches 
Area. 

• The complexity of aboveground equipment necessary to implement the alternative. 

- The aboveground equipment would consist of relatively simple unit operations. 
Handling of large quantities of flammable gases may require significant safety 
features for the equipment. 

• Quantity of waste generated during implementation and any required reapplications of 
the technology. 

- Significant IDW would be generated from installing 140 boreholes. The IDW could 
contain significant" contamination from penetration of the shallow vadose zone. 

• Administrative or permitting activity or concerns ( e.g., toxic air emission concerns, 
permitting requirements). 

- Non-hazardous reagents would be used for implementing this alternative. Thus, the 
administrative burden for implementation of this alternative is considered average. 
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The capital and initial implementation cost for technetium bioreduction in the vadose zone are 
estimated to be $22M with an accuracy range of -50 to +500 percent. Details of the cost estimate 
are provided in the attachment. 

Threshold Criteria 

The following threshold criteria relate to statutory requirements and would be met acceptably 
with bioreduction if the implementation were effective: 

• Overall protection of human health and the environment 
• Compliance with ARARs. 

Alternative 3 - Vadose Zone Permeable Reactive Barrier 

Description 

The ISGR and technetium bioreduction alternatives (Alternatives 1 and 2) can be applied for 
volumetric treatment of contamination to form a permeable reactive barrier in the vadose zone. 
The fundamental application of the bioreduction and ISGR processes as a vadose zone 
permeable reactive barrier is the same as described for volumetric treatment,. except that the 
target materials for reduction are only the sediment-associated iron and manganese. 
Conceptually, the permeable barrier would be implemented within a depth interval below the 
extent of current Tc-99 contamination. Because the iron and manganese content of the 
sediments are significantly greater than the Tc-99 contamination level, the same amendment 
requirements described for volumetric treatment are applicable to a permeable barrier except that 
the total treated volume of the subsurface may be smaller depending on the thickness of barrier 
desired. 

In groundwater, the thickness of permeable reactive barriers is determined based on the 
groundwater flow rate, the related contaminant and oxygen mass flux rates, and the reaction rates 
within the barrier. In the vadose zone, the flux of contamination would be much smaller than the 
flux of oxygen, because, while soil moisture is the carrier for contamination, soil gas is the 
carrier for the oxygen. Thus, the design of a vadose zone barrier is closely linked to the expected 
transport of Tc-99 over time. Given the uncertainties in Tc-99 transport over time, the likely 
scenario for applying either bioreduction or ISGR would be to use volumetric treatment or at 
least to treat a portion (e.g., the bottom portion) of the contaminated zone and reapply the 
treatment in this zone as needed to maintain reduced conditions for the immobilized Tc-99 and to 
immobilize Tc-99 that migrates into this zone. Because this alternative is not significantly 
different than the volumetric applications of bioreduction and ISGR, it was not carried forward 
for evaluation. 
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Alternative 4a - Saturated Zone In Situ Redox Manipulation Permeable Reactive Barrier 

Description 

A potential application for ISRM is to reduce sediment-associated Fe(Ill) in aquifer sediments 
beneath the BC Cribs and Trenches Area to create a permeable reactive barrier. Application of 
ISRM to create a permeable reactive barrier at the BC Cribs and Trenches Area would be 
fundamentally the same as the process previously implemented in the 100 D Area at _the 
Hanford Site to treat chromate-contaminated groundwater. Although oxidation ofFe(Il)/Mn(ll) 
and Tc(IV) in the saturated zone is a concern as with the vadose zone application of ISGR, the 
oxidation rate would be expected to be considerably slower than in th� vadose zone because of a 
lower flux of oxygen into the treated zone. The thickness of the permeable reactive barrier 
would be determined based on the groundwater flow rate, the related contaminant and oxygen 
mass flux rates, and the reaction rates within the barrier. 

The design of and timeframe for implementing a saturated zone permeable reactive barrier is 
closely linked to the expected transport ofTc-99 over time. That is, the flux ofTc-99 into the 
barrier would depend on the rate ofTc-99 migration through the vadose zone and into the 
groundwater. Given the uncertainties in predicting this migration rate and the flux into the 
aquifer, a saturated zone permeable reactive barrier could be best implemented at the time when 
Tc-99 has migrated to the vadose zone-groundwater interface. The permeable reactive barrier 
then would be emplaced to prevent movement of Tc-99 down gradient in the aquifer. As with 
the vadose zone applications, the longevity of the immobilization is related to the period of time 
that reduced iron is maintained within the treatment zone. Using a nominal groundwater oxygen 
concentration of 8 mg/L, one pore volume in 1 m3 of aquifer contains 0.075 moles of oxygen. In 
comparison, using the NH2OH-HC1 extractable iron and manganese content of Ringold sediment 
presented by Fredrickson et al. (2004a), 1 m3 of aquifer contains about 300 moles ofreduced iron 
and manganese if fully reduced. The ratio of reduced species to oxygen is much larger (more 
buffering capacity) in the saturated zone compared to the vadose zone. However, periodic 
reduction of the treatment zone still may be required because of the long Tc-99 half-life. 

The estimated barrier dimension is 15 m thick by 600 m long over a depth interval of 5 m. This 
estimate was based on the expected stoichiometry of the reactions. The number of injection 
wells needed was estimated using a single line of wells with a spacing of 6 m. For a barrier 
length of 600 m, it is estimated that 100 wells are needed. 

Evaluation 

Evaluation of the alternative using the seven CERCLA criteria is presented as follows. 

Long-Tenn Effectiveness and Permanence 

• The extent to which oxygen degrades the effectiveness or stability of a treatment 
alternative. 

- Oxygen is expected to degrade the stability of Tc-99 after the reduced iron and 
manganese are reoxidized. The stability of the treatment is therefore directly related 
to the extent of iron and manganese reduction in the treatment area. 
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• Engineering judgment of technical certainty that the remedy would effectively achieve 
the desired protection of groundwater. 

- A voiding re-oxidation to pertechnetate is a primary issue with reductive 
immobilization of pertechnetate. Laboratory experiments with nanocrystalline 
biogenic TcO2 have indicated that this phase is rapidly (hours to days) oxidized to 
TcO4- in air (Long et al. 2004). Similarly, it has been observed that the oxidation of 
biogenic Fe(II)-reduced Tc(VII) in sediments is relatively slow (days to months) to 
reoxidize and that the greater the extent of sediment Fe(IID reduction, the more 
slowly the Tc(IV) oxidizes when exposed to air. This effect may be due to Fe(II) 
serving as a buffer against oxidation by competing for 02 and possible physical 
protection by forming Fe(III) precipitates that coat the TcO2. Reduced TcO2 also is 
slowly oxidized (weeks) in sediments where manganese·oxide bioreduction is 
incomplete (Fredrickson et al. 2004a). Considerable uncertainty exists regarding the 
rate at which TcO2 may reoxidize in the aquifer in the absence of periodic 
reapplication of ISRM to maintain the appropriate reduced iron and manganese 
conditions required to maintain reduced Tc-99. 

- The form of the reduced Tc-99 can impact the stability ofTc-99 with respect to 
migration. In aqueous-phase laboratory tests, Wildung et al. (2000) found that in the 
presence of carbonate, soluble Tc(IV) carbonate complexes were formed. These 
carbonate complexes would have a similar mobility to pertechnetate. In contrast, 
however, laboratory results for biogenic Fe(II)-reduced Tc-99 in the presence of 
carbonate did not result in the formation of carbonate complexes 
(Fredrickson et al. 2004a). 

- Even distribution and reaction of dithionite to form the barrier is uncertain. The 
integrity of the barrier would be a primary design issue. 

- Because this alternative allows Tc-99 to reach the groundwater, some uncertainty 
exists in implementing a barrier the size needed to intercept the potential plumes. 
A primary uncertainty is related to achieving consistent barrier performance along the 
length of the barrier to prevent breakthrough of contamination. It may be difficult to 
account for heterogeneities in the flow patterns of groundwater during barrier design 
and implementation. 

- These uncertainties could be addressed in treatability studies to obtain site-specific 
information. This information would build on the previous and ongoing experience 
with the ISRM technology. 

Reduction of Toxicity, Mobility, or Volume 

• Reduction of toxicity, mobility, or volume related to the mechanism of immobilization 
and the resultant reduction of mobile technetium and duration of immobilization before 
re-treatment is required. 
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- The period of time that bioreduction will maintain Tc-99 in an immobile state 
depends on the amount of reduced iron and manganese and the flux of 02 into the 
treated area. In one pore volwne (porosity = 0.3) of I m3 of aquifer, groundwater 
with an 02 concentration of 8 mg/L contains about 0.075 moles of 02. In 
comparison, using the NH2OH-HCl extractable iron and manganese content of 
Ringold _sediment presented by Fredrickson et al. (2004a), I m3 of aquifer contains 
about 300 moles of reduced iron and manganese if fully reduced. 

· Short-Term Effectiveness 

• The quantity of free-water addition required to effect the treatment. The amount of free 
water relates directly to the potential for the in situ treatment to increase the driving force 
for migration ofTc-99 toward the groundwater. 

- This criterion is not applicable to use of a saturated zone treatment alternative. 

hnplementability 

• Number, size, or physical extent of boreholes, wells, or other subsurface access required 
to apply an alternative. The extent of subsurface access is related to the efficiency of 
distributing amendments to the subsurface. 

- A conceptual design estimate of I 00 vertical wells to a depth of about I 06 m 
represents a significant activity for drilling. However, the drilling would occur 
outside the highly contaminated crib area. 

• The complexity of aboveground equipment necessary to implement the alternative. 

- The aboveground equipment would consist of relatively simple unit operations. 

• Quantity of waste generated during implementation and any required reapplications of 
the technology. 

- Significant IDW would be generated from installing 100 boreholes. However, the 
IDW would not be expected to contain significant contamination, because wells 
would be installed outside of the crib area 

• Administrative or permitting activity or concerns ( e.g., toxic air emission concerns, 
permitting requirements). 

- Reagents used for implementing this alternative have been used before at the 
Hanford Site. Thus, the administrative burden for implementation of this alternative 
is considered average. 
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Cost was not estimated for this alternative, because it would not be applied until some time in the 
future (likely >50 yr). Thus, the cost estimating information and present value technique are not 
useful for this alternative. 

Threshold Criteria 

The following threshold criteria relate to statutory requirements and may not be met acceptably 
with ISRM if the implementation were effective. Because application of lSRM immobilizes 
technetium in the groundwater, a portion of groundwater would be contaminated by technetium 
and the amount of vadose zone contaminated would be larger than under current conditions. 

• Overall protection of human health and the environment 
• Compliance with ARARs. 

Alternative 4b - Saturated Zone Bioreduction Permeable Reactive Barrier 

Description 

A potential application for bioreduction is to biologically reduce sediment-associated Fe(III) in 
aquifer sediments beneath the BC Cribs and Trenches Area to create a permeable reactive 
barrier. Because it has been demonstrated that biogenic Fe(II) in Hanford (Ringold) subsurface 
sediment can serve as a facile reductant of Tc(VII) (Fredrickson et al. 2004a), this concept could 
be exploited to reduce Tc-99 in situ in the aquifer in the event that pertechnetate reaches the 
saturated zone. Although oxidation ofFe(Il)/Mn(II) and Tc(IV) in the saturated zone is a 
concern as with the vadose zone application ofbioreduction, the oxidation rate would be 
expected to be considerably slower than in the vadose zone because of a lower flux of oxygen 
into the treated zone. 

The fundamental application ofbioreduction as a saturated zone permeable reactive barrier is the 
same as described for vadose zone bioreduction, except that the target materials for reduction are 
only the sediment-associated iron and manganese, and a wider variety of substrates would be 
suitable to induce bioreduction. Use of soluble substrates such as glucose or lactate would 
negate the need for the two-step process required in the vadose zone, because these substrates 
would remove oxygen and stimulate iron and manganese reduction. The thickness of the 
permeable reactive barrier would be determined based on the groundwater flow rate, the related 
contaminant and oxygen mass flux rates, and the reaction rates within the barrier. 

The design of and timeframe for implementing a saturated zone permeable reactive barrier is 
closely linked to the expected transport of Tc-99 over time. That is, the flux of Tc-99 into the 
barrier would depend on the rate ofTc-99 migration through the vadose zone and into the 
groundwater. Given the uncertainties in predicting this migration rate and the flux into the 
aquifer, a saturated zone permeable reactive barrier could be best implemented at the time when 
Tc-99 has migrated to the vadose zone-groundwater interface. The permeable reactive barrier 
then would be emplaced to prevent movement of Tc-99 down gradient in the aquifer. As with 
the vadose zone application ofbioreduction, the longevity of the immobilization is related to the 
period of time that reduced iron is maintained within the treatment zone. Using a nominal 
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groundwater oxygen concentration of 8 mg/L, one pore volume in 1 m3 of aquifer contains 
0.075 moles of oxygen. In comparison, using the NH2OH-HC1 extractable iron and manganese 
content of Ringold sediment presented by Fredrickson et al. (2004a), 1 m3 of aquifer contains 
about 300 moles of reduced iron and manganese if fully reduced. The ratio of reduced species to 
oxygen is much larger (more buffering capacity) in the saturated zone compared to the vadose 
zone. However, periodic reduction of the treatment zone still may be required before 
Tc-99 decays to below levels of concern. 

The amendment requirements for the conceptual design were estimated based on a mass balance 
approach using an estimate of the reducible iron and manganese content in the sediments 
(Fredrickson et al. 2004a, values for Ringold sediment from the White Bluffs), an estimated 
barrier dimension of 1 5  m thick by 600 mlong over a depth interval of 5 m, and the expected 
stoichiometry of the reactions. Table H-3 summarizes the amendment requirements for 
treatment of the contaminated vadose zone based on a �ermeable reactive barrier volume of 
4.5E4 m3 (7.65E7 kg with a bulk density of 1700 kg/m ). 

The number of injection wells needed was estimated using a single line of wells with a spacing 
of 30 m. For a barrier length of 600 m, it is estimated that 20 wells are needed. 

Evaluation 

Evaluation of the alternative using the seven CERCLA criteria is presented as follows. 

Long-Term Effectiveness and Permanence 

• · The extent to which oxygen degrades the effectiveness or stability of a treatment 
alternative. 

Oxygen is expected to degrade the stability ofTc-99 after the reduced iron and 
manganese are reoxidized. The stability of the treatment is therefore directly related 
to the extent of iron and manganese reduction_in the treatment area. 

• Engineering judgment of technical certainty that the remedy would effectively achieve 
the desired protection of groundwater. 

- In addition to the possible lack of sufficient microbial biomass to achieve a 
reasonable rate ofTc-99 reduction, there is the issue of maintaining reduced 
conditions in the barrier over the long-term to avoid re-oxidation to pertechnetate. 
Laboratory experiments with nanocrystalline biogenic TcO2 have indicated that this 
phase is rapidly (hours to days) oxidized to TcO/ in air (Long et al. 2004). Similarly, 
it has been observed that the oxidation of biogenic Fe(Il)-reduced Tc(VII) in 
sediments is relatively slow (days to months) to reoxidize and that the greater the 
extent of sediment Fe(ID) reduction, the more slowly the Tc(IV) oxidizes when 
exposed to air. This effect may be due to Fe(Il) serving as a buffer against oxidation 
by competing for 02 and possible physical protection by forming Fe(ID) precipitates 
that coat the TcO2. Reduced TcO2 also is slowly oxidized (weeks) in sediments 
where manganese oxide bioreduction is incomplete (Fredrickson et al. 2004a). 
Considerable uncertainty exists regarding the rate at which TcO2 may reoxidize in the 
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aquifer in the absence of periodic inputs of microbial substrates to maintain the 
appropriate reduced iron and manganese conditions required to maintain reduced 
Tc-99 . .  

- The form of the reduced Tc-99 can impact the stability of Tc-99 with respect to 
migration. In aqueous-phase laboratory tests, Wildung et al. (2000) found that in the 
presence of carbonate, soluble Tc(N) carbonate complexes were formed. These 
carbonate complexes would have a similar mobility to pertechnetate. In contrast, 
however, laboratory results for biogenic Fe(II)-reduced Tc-99 in the presence of 
·carbonate did not result in formation of carbonate complexes 
(Fredrickson et al. 2004a). 

- Even distribution of substrate to form the barrier is uncertain. There are many 
examples of bioremediation in aquifers, but no experience with the specific saturated 
zone barrier described in this alternative. 

- Because this alternative allows Tc-99 to reach the groundwater, some uncertainty 
exists in implementing a barrier the size needed to intercept the potential plumes. 
A primary uncertainty is related to achieving consistent barrier performance along the 
length of the barrier to prevent breakthrough of contamination. It may be difficult to 
account for heterogeneities in the flow patterns of groundwater during barrier design 
and implementation. 

- These uncertainties could be addressed in treatability studies to obtain site-specific 
information. This information would build on the previous and ongoing research 
regarding Tc-99 bioreduction within the NABIR program and the EMSP. With the 
currently available data, there are still significant uncertainties with Tc-99 
bioreduction as a permeable reactive barrier in the aquifer. 

Reduction of Toxicity. Mobility, or Volume 

• Reduction of toxicity, mobility, or volume related to the mechanism of immobilization 
and the resultant reduction of mobile technetium and duration of immobilization before 
re-treatment is required. 

- The period of time that bioreduction will maintain Tc-99 in an immobile state 
depends on the amount of reduced iron and manganese and the flux of 02 into the 
treated area. In one pore volume (porosity = 0.3) of 1 m3 of aquifer, groundwater 
with an 02 concentration of 8 mg/L contains about 0.075 moles of 02• In 
comparison, using the NH20H-HC1 extractable iron and manganese content of 
Ringold sediment presented by Fredrickson et al. (2004a), 1 m3 of aquifer contains 
about 300 moles ofreduced iron and manganese if fully reduced. 
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Short-Term Effectiveness 

• The quantity of free-water addition required to effect the treatment. The amount of free 
water relates directly to the potential for the in situ treatment to increase the driving force 
for migration of Tc-99 toward the groundwater. 

- This criterion is not applicable to use of a saturated zone treatment alternative. 

Implementability 

• Number, size, or physical extent of boreholes, wells, or other subsurface access required 
to apply an alternative. The extent of subsurface access is related to the efficiency of 
distributing amendments to the subsurface. 

- A conceptual design estimate of 20 vertical wells to a depth of about 106 m 
represents a significant activity for drilling. However, the drilling would occur 
outside the highly contaminated crib area. 

• The complexity of aboveground equipment necessary to implement the alternative. 

- The aboveground equipment would consist of relatively simple unit operations. 

• Quantity of waste generated during implementation and any required reapplications of 
the technology. 

- Significant IDW would be generated from installing 20 boreholes. However, the 
IDW would not be expected to contain significant contamination, because wells 
would be installed outside of the crib area. 

• Administrative or permitting activity or concerns ( e.g., toxic air emission concerns, 
permitting requirements). 

- Non-hazardous reagents would be used for implementing this alternative. Thus, the 
administrative burden for implementation of this alternative is considered average. 

Cost was not estimated for this alternative, because it would not be applied until some time in the 
future (likely >50 yr). Thus, the cost estimating information and present value technique are not 
useful for this alternative. 

Threshold Criteria 

The following threshold criteria relate to statutory requirements and may not be met acceptably 
with saturated-zone bioreduction if the implementation were effective. Because application of 
saturated-zone bioreduction immobilizes technetium in the groundwater, there would be a 
portion of groundwater contaminated by technetium and the amount of vadose zone 
contaminated would be larger than under current conditions. 
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• Overall protection of human health and the environment 
• Compliance with ARARs. 

Alternative 5 - In Situ Grouting 

Description 

In situ grouting is a type of in situ solidification and stabilization technology. The objective of 
this technology is to immobilize contaminants through a combination of chemical reactions 
and/or physical encapsulation. The desired end product resulting from the solidification process 
is a monolithic block of waste with high structural integrity and low leaching characteristics. 
The encapsulation of contaminants within the monolith reduces the surface area exposed to 
liquids (because of the low permeability of the monolith), thus reducing the potential for 
leaching. Stabilization effects result from chemically immobilizing (binding) contaminants or 
from a reduction in contaminant solubility (e.g., caused by a change in oxidation state or pH). 
Several technology reviews discuss in situ grouting in more detail (Martin and Ruby 2004, 
"Review of In Situ Remediation Technologies for Lead, Zinc, and Cadmium in Soil"; 
Pearlman 1999, Subsurface Containment and Monitoring Systems: Barriers and Beyond; 
EP N542/R-97 /004, Recent Developments for In Situ Treatment of Metal Contaminated Soils). 

There is a wide variety of choice in grout formulation. Usually, the grout formulation is tailored 
to the site-specific conditions and project needs in terms of grout workability, strength of the 
cured grout, contaminant binding/leaching, type of soil, moisture content, etc. Portland cement 
is a commonly used grout material, but other alternatives ( e.g., organic grouts, inorganic grouts, 
polymers) are available. Typical additives include bentonite, zeolites, flyash, cement kiln dust, 
and various silicates. 

Mixing may be achieved using augers, high-pressure jetting, or low-pressure permeation. The 
effectiveness of the mixing techniques depends on specific site conditions, soil characteristics, 
depth required, etc. For the BC Cribs and Trenches Area, high-pressure jet grouting is the only 
feasible option (augers generally are limited to depths of about I 00 ft). Grouting performance is 
highly dependent on mixing efficiency. It is difficult to verify whether mixing is sufficient when 
applied in situ. 

Jet grouting involves injecting a grout mixture at very high pressures (up to 5,000 to 6,000 lb/in2) 
and velocities (as great as 800 to 1 ,000 ft/s) into the pore spaces of the soil or rock. The jetted 
grout cuts, replaces, and mixes the soil with cementing material to form a column (rotating the 
drill rod as it is removed). The soil structure is destroyed as grout and soil are mixed, forming a 
homogeneous mass. Jet grouting can be used in soil types ranging from gravel to clay, but the 
soil type can alter the diameter of the grout column (Layne GeoConstruction 2003). 

Carter Technologies has an alternative to jet grouting, termed EarthSaw, 1 that may be applicable 
to the BC Cribs and Trenches Area (Carter 2002, EarthSaw In-Situ Containment Of Pits And 
Trenches: Final Report). Rather than mixing the entire volume of waste with grout, the 

1
EarthSaw is a trademark of Carter Technologies Co., Sugar Land, Texas. 
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EarthSaw uses the grout to form a barrier around the waste site. Trenches are _dug around the 
. perimeter of the waste site and a cable saw is used to slice through the delimited block of earth at 
the desired depth. As the cable saw works, a high-density grout fills in the void. At completion, 
the block of earth is surrounded by the high-density grout. The grout formulation can be a 
cement, which will harden and leave an impermeable shell around the waste site. The 
technology is limited to a depth of about 200 ft (using a clamshell digger). 

Evaluation 

Evaluation .of the alternative using the seven CERCLA criteria is presented as follows. 

Long-Term Effectiveness and Permanence 

• The extent to which oxygen degrades the effectiveness or stability of a treatment 
alternative. 

- Oxygen does not impact the effectiveness of this alternative. 

• Engineering judgment of technical certainty that the remedy would effectively achieve 
the desired protection of groundwater. 

- Mixing efficiency and the long-term stability of the grout material are key 
uncertainties with applying grout as a physical encapsulation/stabilization technique 
or as a barrier (i.e., EarthSaw). 

Application of grouting at the depth and scale needed for the BC Cribs and Trenches 
Area and in Hanford subsurface materials also is uncertain. 

Reduction of Toxicity, Mobility, or Volume 

• . Reduction of toxicity, mobility, or volume related to the mechanism of immobilization 
and the resultant reduction of mobile technetium and duration of immobilization before 
re-treatment is required. 

- Through physical immobilization and potentially chemical stabilization, grouting can 
reduce the mobility ofTc-99. A treatability test likely is needed to determine the 
appropriate grout formulation. Using the EarthSaw technique, Tc-99 mobility would 
be limited by providing a barrier to migration between the contaminated soil and 
clean soil or the aquifer. 

Short-Term Effectiveness 

• The quantity of free-water addition required to effect the treatment. The amount of free 
water relates directly to the potential for the in situ treatment to increase the driving force 
for migration of Tc-99 toward the groundwater. 

- With proper grout formulation and effective in situ mixing of the grout and soil, there 
should not be free-water input to the vadose zone. 
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Implementability 

• Number, size, or physical extent of boreholes, wells, or other subsurface access required 
to apply an alternative. The extent of subsurface access is related to the efficiency of 
distributing amendments to the subsurface. 

- Because of the limited radius of influence, grouting for volumetric encapsulation or 
implementation of a barrier would require thousands of boreholes. 

• The complexity of aboveground equipment necessary to implement the alternative. 

- The aboveground equipment would include some complex unit operations, but these 
have been applied for similar uses at other sites. 

• Quantity of waste generated during implementation and any required reapplications of 
the technology. 

- Significant IDW would be generated from installing a large number of boreholes. 
Some of the IDW would be expected to contain significant contamination from 
penetration of the shallow vadose zone. 

• Administrative or permitting activity or concerns { e.g., toxic air emission concerns, 
permitting requirements). 

Non-hazardous reagents would be used for implementing this alternative. Thus, the 
administrative burden for implementation of this alternative is considered average. 

The cost of in situ grouting would be prohibitive due to the large number of boreholes required 
for implementation of a grout barrier. 

Threshold Criteria 

The following threshold criteria relate to statutory requirements and would be met acceptably 
with in situ grouting if the implementation were effective: 

• Overall protection of human health and the environment 
• Compliance with ARARs. 

Alternative 6 - Soil Desiccation 

Description 

The viability of using subsurface air flow and extraction to remove water from the vadose zone 
has been demonstrated at the Mock Tank Site in the 200 East Area {Cameron et al. 2002, 
Summary of Hanford Subsurface Air Flow and Extraction (SAFE) Activities). In these tests, 
subsurface air flow across a distance of about 20 m withdrew about 1 ,000 gal of water in a 3-wk 
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period. The concept for applying soil desiccation at the BC Cribs and Trenches Area is to use air 
flow and extract to sufficiently dry the subsurface that the migration potential of Tc-99 is 
significantly reduced. The migration ofTc-99 in the vadose zone is related to the soil moisture 
content and the flux of water from the ground surface. Drying the soil either above or within the 
contamination would reduce the potential for migration; create conditions that attenuate the 
impact of water recharge, because more recharge would be necessary before continued 
downward migration could occur; and provide a means to periodically remove moisture if it 
begins to build up in the subsurface over time. 

The number of wells needed was estimated using a well spacing about 2 times larger than used in 
the demonstration of at the Mock Tank Site. For an areal extent of 8 .9E4 m2

, it is estimated that 
5 5 wells are needed at a nominal well coverage of one well per 1600 m2

• This coverage 
corresponds to a regular rectangular well spacing of about 40 m between wells. 

Evaluation 

Evaluation of the alternative using the seven CERCLA criteria is presented as follows. 

Long-Term Effectiveness and Permanence 

• The extent to which oxygen degrades the effectiveness or stability of a treatment 
alternative. 

- Oxygen does not impact the effectiveness of this alternative. · 

• Engineering judgment of technical certainty that the remedy would effectively achieve 
the desired protection of groundwater. 

- Even distribution of desiccation is the primary uncertainty in the effectiveness of this 
alternative. The induced air flow will be less effective in desiccating any silt lenses. 

- This uncertainty could be addressed in treatability studies to obtain site-specific 
information. Thi� information would build on the previous research at the Mock 
Tank Site and Vadose Zone Test Site. 

Reduction of Toxicity, Mobility, or Volume 

• Reduction of toxicity, mobility, or volume related to the mechanism of immobilization 
and the resultant reduction of mobile technetium and duration of immobilization before 
re-treatment is required. 

- This alternative targets reduction in mobility through reduction in the driving force 
for soil water migration. Modeling or experimentation is needed to evaluate the 
reduction in soil water �ontent necessary to effectively reduce migration. However, 
because migration of soil water is directly related to the soil water content, the soil 
desiccation technique has the potential to be effective. 
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Short-Term Effectiveness 

• The quantity of free-water addition required to effect the treatment. The amount of free 
water relates directly to the potential for the in situ treatment to increase the driving force 
for migration ofTc-99 toward the groundwater. 

- No water is added by this alternative; it is removed. 

Implementability 

• Number, size, or physical extent of boreholes, wells, or other subsurface access required 
to apply an alternative. The extent of subsurface access is related to the efficiency of 
distributing amendments to the subsurface. 

- A conceptual design estimate of 55 vertical wells to a depth of about 48 m represents 
a significant activity for drilling through the highly contaminated shallow vadose 
zone within the trenches and cribs in the BC Cribs and Trenches Area. It is 
anticipated that the wells would be installed to avoid the most contaminated 
sediments by avoiding drilling within a trench or crib. Potentially, horizontal wells 
could be implemented, but may not be effective for distribution of air flow across the 
desired depth interval due to the presence of numerous silt layers. Significant design 
activity is needed to determine an effective means for evenly distributing air flow in 
the subsurface beneath the BC Cribs and Trenches Area. 

• The complexity of aboveground equipment necessary to implement the alternative. 

- The aboveground equipment would consist of relatively simple unit operations. 

• Quantity of waste generated during implementation and any required reapplications of 
the technology. 

- Significant IDW would be generated from installing 55 boreholes. The IDW could 
contain significant contamination from penetration of the shallow vadose zone. 

• Administrative or permitting activity or concerns ( e.g., toxic air emission concerns, 
permitting requirements). 

- The administrative burden for implementation of this alternative is considered 
average to low due to the simplicity of the operation. 

The capital and initial implementation cost for soil desiccation are estimated to be $ 1 0.8M with 
an accuracy range of -SO to +500 percent. Details of the cost estimate are provided in the 
attachment. 

H-27 



DOE/RL-2004-66 DRAFT A 

Threshold Criteria 

The following threshold criteria relate to statutory requirements and would be met acceptably 
with soil desiccation if the implementation were effective: 

• Overall protection of human health and the environment 
• Compliance with ARARs. 

H4.0 CONCLUSIONS AND RECOMMENDATIONS 

The in situ technologies reviewed for this focused feasibility study could be deployed alone or in 
conjunction with a surface barrier. If used in conjunction with a surface barrier where the 
downward migration of technetium is mitigated by reducing the driving force for downward 
water migration, the in situ technologies would provide a supplemental process to further limit 
migration (vadose zone technologies) or provide a contingency remedy to stop down-gradient 
migration of technetium in the groundwater (saturated zone technologies). The timing for 
implementation of in situ technologies with a surface barrier depends on determining the 
timeframe when downward migration is possible. If, for instance, the current subsurface 
conditions will allow continued downward migration of the technetium-contaminated water even 
with reduced surface infiltration, then in situ technologies could be deployed in the near term. If, 
however, the current subsurface conditions are such that the contaminated water is not mobile, 
then application of in situ technologies would not be required until some point in the future when 
sufficient water has entered the subsurface to induce downward migration. In either case, some 
treatability testing would be necessary to address uncertainties with the selected in situ 
technology. If an in situ technology is deployed alone, significant additional 
treatability/development activities would be needed to ensure that the technology performance is 
suitable to meet remediation goals. 

There is technical uncertainty with all of the technologies, because there are not examples of 
similar deployments at Hanford or other sites. Of the in situ technologies reviewed, soil 
desiccation has the least uncertainty. Key issues that would need to be addressed in a treatability 
test and additional design analysis include (1) determining an effective subsurface air flow 
design to provide a relatively uniform extraction of soil moisture from targeted areas, 
(2) assessing th·e expected contaminant concentrations in extracted water, and (3) use of 
modeling or experimentation to identify the amount of water that should be removed and best 
subsurface location for water removal. 

The reductive technologies will not permanently immobilize technetium. Therefore, the timing 
for deployment of the technology and an activity to estimate the longevity of the immobilization 
(related to the flux of oxygen into the treatment zone) need to be developed, likely through the 
use of numerical modeling. In addition to uncertainties with the timing and longevity 
uncertainties, all of the reduction technologies except for ISRM require significant additional 
development work. There is ongoing work to develop ISGR and bioreduction as part of national 
research programs. In addition to this baseline development work, some site-specific treatability 
testing could be conducted to determine the viability of these technologies in the BC Cribs and 
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Trenches Area. For ISGR, -it would be important to detennine the amount ofredox buffer 
( e.g., reduced iron) that can be generated in the sediments at the BC Cribs and Trenches Area so 
that the longevity of the treatment can be estimated. For bioreduction, tests are needed to 
detennine the ability of the indigenous microorganisms to use the potential amendments and 
effectively reduce technetium, iron, and manganese. Additionally, for the vadose zone 
bioreduction technology, the overall process of aerobic biodegradation followed by technetium 
bioreduction needs to be demonstrated. Similar to ISGR, the amount ofredox buffer 
( e.g. , reduce iron) that can be produced by bioreduction in BC Cribs and Trenches Area 
sediments needs to be detennined. 

In situ grouting appears to be cost prohibitive based on the screening l�vel assessment conducted 
in this focused feasibility study. 

Based on the above conclusions, in situ technologies are most appropriate as a supplemental 
treatment used in conjunction with a surface barrier. Of the in situ technologies, soil desiccation 
provides the most certain performance when used with a surface barrier. Some targeted 
treatability tests would be useful to develop site-specific design information for the BC Cribs and 
Trenches Area. Soil desiccation could be applied to (1) minimize the impact of any infiltration 
through a surface barrier, (2) change current subsurface conditions to reduce the driving force for 
downward migration in the near future, or (3) periodically to help maintain low mo!sture 
conditions in the subsurface. The reduction technologies are _best suited as a contingency 
technology· if migration is not sufficiently limited by a surface barrier over time or, potentially, if 
there is a significant potential for downward migration of contaminated water W1der the current 
subsurface conditions. Some site-specific treatability tests are needed to determine the viability 
of the reductive technologies at the BC Cribs and Trenches Area. 
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Figure H-1 .  Technetium Distribution with Depth from Borehole C419 1  Core Samples 
Beneath the BC Cribs and Trenches Area. 
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Figure H-2. Borehole Log and Geologic Interpretation for Borehole C4191 Beneath the 
BC Cribs and Trenches Area . 
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Figure H-3. Borehole Log and Geologic Intel])retation for Borehole C4192 Beneath the 
BC Cribs and Trenches Area. 
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nbs and Trenches Area. Map View of the BC C 
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Table H-1 . Amendment Swnmary for In Situ Gaseous Reduction. 

Tc-99 

Reducible Fe 
(1 8.4 mmole/kg) 

Reducible Mn 
( 17 1  mmole/kg) 

Oxygen 
(20% of soil gas) 

Total 

Total at 1% of Fe and Mn 
reductant demand 

Total at 1% of Fe and Mn 
reductant demand and 
10% of the treatment 
volume 

·. 

344 

5.8E7 

5.4E8 

Assumed removed via 
replacement with injected 
gas 

.. , �lltss of Jlydrogeo 
Solfi�e R�uired (mole) 

688 

5.8E7 

5.4E8 

() 

M� of!fytlrog�: ,  
Sulfide Reqidred,(kg) ,. 

2.34 

l .9E6 

l .8E7 

() 

2E7 

2E5 

2E4 

Table H-2. Amendment Summary for Technetium Bioreduction. 

� • .  i. 

Tc-99 

Reducible Fe 
( 18.4 mmole/kg) 

Reducible Mn 
( 1 7 1  mmole/kg) 

Oxygen 
(20% of soil gas) 

Total 

Total at 1% ofFe and Mn 
reductant demand 

Total at 1% of Fe and Mn 
reductant demand and 
10% of the treatment 
volume 

NIA = not applicable. 

344 

5.8E7 

5.4E8 

2.2E7 
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NIA 516  
(1  kg) 

NIA 2.9E7 
(5.8E4 kg) 

NIA 5 .4E8 
(l . IE6 kg) 

4.4E6 NIA 

( l .9E5 kg) 

5.7E8 
( l . IE6 kg) 

5.7E6 
(l . IE4 kg) 

5.7E5 
(l . IE3 kg) 
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Table H-3. Amendment Summary for Technetium Bioreduction in the Saturated Zone. 
Compound . .  .· 

· .. 'la1t1a1 M�_.ifmoi�i �ass of Lactate .Required (�le) ' '·• . . :: Reducible Fe l .4E6 7E5 ( 1 8.4 mmole/kg) (6.3E4 kg) Reducible Mn l .3E7 7E6 ( 171 mmole/kg) (6.3E5 kg) Total - 7.7E6 (6.9E5 kg) 
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ATTACHMENT 

COST ESTIMATES FOR IN SITU GASEOUS REDUCTION, TECIJNETIUM 
BIOREDUCTION IN THE V ADOSE ZONE, AND SOIL DESICCATION 
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COST ESTIMATE SUMMARY 

In Situ Gaseous Reduction 
Site: 200E Area BC Cribs and Trenches Description: In Situ Gaseous Reduction 
Location: Hanford 
Phase: Focused Feasibility Study (-50% to +500%) 

140 wells (Inject H2S and N2 gas) 
No Moisture Disposal Costs 

Base Year 2004 228 days of application 
Date: Au211st 26, 2004 

CAPITAL COSTS: 
UNIT 

DESCRIPTION QTY UNIT COST TOTAL NOTES 

Mobilization/Demobilization 
Drill Rig Mob/Demob 2 LS ##### $ 3,000 
WDOE Well Permits 140 $ 50 $ 7,000 
Construction Report 1 LS $90,000 $ 90,000 

Site Work 
140 application wells 1 40 wells $80,000 s 1 1 ,200,000 160 ft deep, 2 inch, SS $500/ft 
Piping to Wells 1 LS $899,919 s 899,919 Backup 

Treatment System 
Tanks, controls, blowers, valves, tanks, pad, e1 1 LS Sl,803,161 $ 1 ,803,161  Backup 

SUB TOT AL DIRECT CAPITAL COSTS $ 14,003,080 
Contingency 25% $ 3

1
500

1
770 

TOT AL DIRECT COSTS (TDC) $ 17.503,850 

Engineering Pre-Design 2% TDC $ 350,077 
Engineering Design 12% TDC $ 2,100,462 
Permitting, Regulatory Compliance 2% TDC $ 350,077 
Construction Quality Assurance, Management 5% TDC $ 875,193 

TOT AL INDIRECT COSTS $ 3,675,809 

TOT AL CAP IT AL COSTS: I s  21 , 1 19,659 I 

Initial Application Cost: 
Labor and Maintenace during 
Application 1 1040 work-hrs $ 65 $ 7 1 7,600 
Nitrogen Gas ###### kg $0.00022 $ 2 1 ,837 
Hydrogen Sulfide Gas ###### kg S0.0135 $ 270, 196 
Nitrogen Gas Storage and Handling EquiJ 7.5 month $2,000 $ 14,992 approximate unit cost 
Electric Power 7.5 month ##### $ 7,973 Gas Flow Backup Sheet 

SUBTOTAL $ 1 ,032,598 

Contingency 20% $ 206,520 

TOT AL INITIAL APPLICATION COST I s  1 ,239, 1 1 7  ! 

TOT AL COST FOR CONSTRUCTION AND FIRST APPLICA TIO! $ 22,4 1 8,776 ! 
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In Situ Gaseous Reduction Backup Information 
Item 

Drill and Construct Wells 
Mobilize 
WDOE .Start Permits 
Extraction Well @ 160ft x 2 inch 

4-inch piping Schedule 80 PVC 
10-inch piping Schedule 80 PVC 
Pipe Insulation 
Valves, plumbing fixtures 
Pipe Supports 

HiE 9798E72W Rotron Blower 15 hp 
Trailor for Blower System, 8ft x 20ft 
8" Structural Slab on Grade 
Continuous Monitoring and Recording of Air Flow 
Stainless Steel Gas Mixing Vessel 
Installation Labor (MSPFF) 
Prep pad area (clear) 
Control System 
Moisture Collection Tanks 
Liquid Nitrogen Gas Tank with expansion system 
H2S Tank with expansion system 
H2S and H2 gas monitoring systems 
Scrubber for H2S control w pump, caustic tank, etc. 
Fencing to enclose treatment units, 7 ft high chain Ii 
7' Swing Gate, 12' Double 
Miscellaneous EQuipment 
Ovemead Electrical Power, 40-35' poles 1600 ft 
4/0 ACSR Conductor, installed 
Pad Mounted Transfonmer, 12.47 KV - 120/240V 

Power ReQuirements 
Item 

12 pressure blowers 
12 vacuum blowers 
Instrumentation and controls 

Unit Cost Units guantl� Cost 

$ 2,500 2 $ 5,000 
$ 50 each 140 $ 7,000 
$ 80,000 each 140 $ 11,200,000 

Subtotal to Install Wells $ 11,212,000 

$ 7.63 Lf 500 $ 3,816 
$ 21.51 LF 12540 $ 269,690 
$ 6.00 LF 13040 $ 78,240 
$ 6,000.00 LS 12 $ 72,000 
$ 434.46 each 1096 $ 476,173 

Piping Subtotal $ 899,919 

$ 10,736 each 24 $ 257,657 
$ 5,840 each 12 $ 70,081 
$ 10.77 SF 18,000 $ 193,928 
$ 5,437 each 12 $ 65,248 
$ 5,000 each 12 $ 60,000 
$ 108.18 hr 1,440 $ 155,780 
$ 388.59 acre 3.31 $ 1,285 
$ 10,000 each 12 $ 120,000 
$ 2,500 each 12 $ 30,000 
$ 20,000 each 12 $ 240,000 
$ 20,000 each 12 $ 240,000 
$ 10,000 each 12 $ 120,000 
$ 5,000 each 12 $ 60,000 
$ 29.01 LF 1920 $ 55,699 
$ 547.77 each 12 $ 6,573 
$ 6,000 LS 12 $ 72,000 
$ 540.66 pole 80 $ 43,253 
$ 1.08 LF 5400 $ 5,832 
$ 2,912.00 each 2 $ 5,824 

Subtotal to Install Equipment $ 1,803,161 

HP KW 

15 
15 

KW-HR in month 

1 1. 19 8,169 
11 .19 8,169 

10 7,300 

Monthly Power Consumption 23,637 
Power Rate $0.0450 

Monthly Power Cost $ 1,064 
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Note 

Tacoma Pump and Drllling 

Hanford Comparable Cost 

Means, 2002 p 9-259 
Means, 2002 

Means 2002, 33 28 0101 

Means, 2002, p 3-345 30 
Means, 2002, 33 13 2361 
Means, 2002, 18 02 0322 
Means, 2002, 33 02 1507 
mjn estimate 
Means, 2002 
Means, 2002 p 4-1 

Means 2002, 18 04 0110 
Means 2002, 18 04 0118 

Means, 2002 20 02 0402 
Means, 2002 20 02 0302 
Means, 2002 20 02 0105 
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Technetium Bioreduction 
Site: 200E Arca BC Cribs and Trenches 
Location: Hanford 

COST ESTIMATE SUMMARY 

Description: Bioreduction with Propane and Hydrogen 
140 wells (Inject H2 and Propane gas) 

Phase: Focused Feasibility Study (-SO% to +500%) No Moisture Disposal Costs 
Base Year 2004 228 days of application 
Date: Au2Ust 26, 2004 

CAPITAL COSTS: 
UNIT 

DESCRIPTION QTY UNIT COST TOTAL NOTES 

Mobilization/Demobilization 
Drill Rig Mob/Demob 2 LS ##### $ 3,000 
WDOE Well Permits 140 $ 50 $ 7,000 
Construction Report 1 LS S90,000 $ 90,000 

Site Work 
140 application welts 140 wells S80,000 S 1 1 ,200,000 1 60 ft deep, 2 inch, SS $S00/ft 
Piping to Wells I LS S899,919 S 899,919 Backup 

Treatment System 
Tanks, controls, blowers, valves, tanks, pad, etc. 1 LS $ 1,743,161 $ 1 ,743,161 Backup 

SUBTOTAL DIRECT CAPITAL COSTS $ 13,943,080 
Contingency 25% $ 3

1
485,770 

TOTAL DIRECT COSTS (7VC) $ 17,428,850 

Engineering Pre-Design 2% TDC $ 348,577 
Engineering Design 12% TDC $ 2,091 ,462 
Permitting, Regulatory Compliance 2% TDC $ 348,577 
Construction Quality Assurance, Management 5% TDC $ 871,443 

TOTAL INDIRECT COSTS $ 3,660,059 

TOT AL CAPITAL COSTS: I s  21 .oss,909 I 

Initial Application Cost: 

Labor and Maintenace during Application 1 1040 work-hrs $ 65 $ 717,600 
Propane ###### kg $0.5 1 $ 97,108 
Hydrogen ###### kg $0.017 $ 19,157 approximate unit cost 

Hydrogen Storage and Handling Equipment 7.5 month $3,000 $ 22,488 
Electric Power 7.5 month $ 1 ,064 $ 7 973 Gas Flow Backup Sheet 

SUBTOTAL $ 864,326 

Contingency 20% $ 172,865 

TOT AL INITIAL APPLICATION COST I s  1 ,031,191  I 

TOTAL COST FOR CONSTRUCTION AND FIRST APPLICATION! $ 22.126. 100 I 
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Technetium Bioreduction Backup Information 
Item Unit Cost Units guanti� Cost Note 

Drill and Construct Wells 
Mobilize $ 2,500 2 $ 5,000 Tacoma Pump and Drilling 
WDOE Start Permits $ 50 each 140 $ 7,000 
Extraction Well @ 160ft x 2 inch $ 80,000 each 140 $ 11,200,000 Hanford Comparable Cost 

Subtotal to Install Wells $ 11,212,000 

4-lnch piping Schedule 80 PVC $ 7.63 LF 500 $ 3,816 Means, 2002 p 9-259 
10-inch piping Schedule 80 PVC $ 21.51 LF 12540 $ 269,690 Means, 2002 
Pipe Insulation $ 6.00 LF 13040 $ 78,240 
Valves, plumbing fixtures $ 6,000.00 LS 12 $ 72,000 
Pipe Supports $ 434.46 each 1096 $ 476,173 Means 2002, 33 28 0101 

Piping Subtotal $ 899,919 

HIE 979BE72W Rotron Blower 15 hp $ 10,736 each 24 $ 257,657 Means, 2002, p 3-345 30 
Trailor for Blower System, 8ft x 20ft $ 5,840 each 12 $ 70,081 Means, 2002, 33 13 2361 
8" Structural Slab on Grade $ 10.77 SF 18,000 $ 193,928 Means, 2002, 18 02 0322 
Continuous Monitoring and Recording of Air Flow $ 5,437 each 12 $ 65,248 Means, 2002, 33 02 1507 
Stainless Steel Gas Mixing Vessel $ 5,000 each 12 $ 60,000 mJn estimate 
Installation Labor (MSPFF) $ 108.18 hr 1,440 $ 155,780 Means, 2002 
Prep pad area (clear) $ 388.59 acre 3.31 $ 1,285 Means, 2002 p 4-1 
Control System $ 10,000 each 12 $ 120,000 
Moisture Collection Tanks $ 2,500 each 12  $ 30,000 
Liquid Hydrogen Gas Tank with expansion system $ 20,000 each 12 $ 240,000 
Propane Tank with expansion system $ 20,000 each 12 $ 240,000 
Gas monitoring systems $ 10,000 each 12 $ 120,000 
Fencing to enclose treatment units, 7 ft high chain I i  $ 29.01 LF 1920 $ 55,699 Means 2002, 18 04 0110 
7' Swing Gate, 12' Double $ 547.77 each 12 $ 6,573 Means 2002, 18 04 0118 
Miscellaneous Equipment $ 6,000 LS 12 $ 72,000 
Overhead Electrical Power, 40-35' poles 1600 ft $ 540.66 pole 80 $ 43,253 Means, 2002 20 02 0402 
4/0 ACSR Conductor, installed $ 1.08 LF 5400 $ 5,832 Means, 2002 20 02 0302 
Pad Mounted Transformer, 12.47 KV - 120/240V $ 2,912.00 each 2 $ 5,824 Means, 2002 20 02 0105 

Subtotal to Install Equipment $ 1,743,161 

Power Requirements 
Item HP KW KW-HR in month 
12 pressure blowers 15 11 .19 8,169 
12 vacuum blowers 15 11 .19 8,169 
Instrumentation and controls 10 7,300 

Monthly Power Consumption 23,637 
Power Rate $0.0450 

Monthly Power Cost $ 1,064 
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Soil Desccation 
Site: 200E Area BC Cribs and Trenches 
Location: Hanford 

COST ESTIMATE SUMMARY 

Description: Vent Subsurface to Remove Soil Moisture 
55 wells 

Phase: Focused Feasibility Study (-50% to + 500%) No Moisture Disposal Costs (evaporation assumed) 
365 days for initial application Base Year 2004 

Date: August 26, 2004 

CAPITAL COSTS: 

DESCRIPTION 

Mobilization/Demobilization 

Drill Rig Mob/Demob 
WDOE Well Permits 
Construction Report 

Site Work 
Venting wells wells 
Piping to Wells 

Treatment System 

Tanks, conb'ols, blowers, valves, tanks, pad, e 

SUB TOT AL DIRECT CAPITAL COSTS 
Contingency 

TOT AL DIRECT COSTS (TDC) 

Engineering Pre-Design 
Engineering Design 
Permitting, Regulatory Compliance 
Construction Quality Assurance, Management 

TOT AL INDIRECT COSTS 

TOT AL CAPITAL COSTS: 

Initial Application Cost: 
Labor and Maintenace during 
Application 
Electric Power 

SUBTOTAL 

Contingency 

TOT AL INITIAL APPLICATION COST 

QTY UNIT 

2 LS 
55 

I LS 

55 wells 
I LS 

1 LS 

2% TDC 
12% TDC 
2% TDC 
5% TDC 

I 0950 work-hrs 
12 month 

20% 

UNIT 

COST 

$ 1 ,500 $ 
$ 50 $ 
$90,000 $ 

$80,000 $ 

$598,210 $ 

S 1,466,830 $ 

$ 
25% $ 

$ 

$ 
$ 
$ 

$ 

$ 

I s  

$ 65 $ 

$ 696 $ 
$ 

$ 

I s 

TOT AL COST FOR CONSTRUCTION AND FIRST APPLICA TIONI $ 
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TOTAL NOTES 

3,000 
2,750 

90,000 

4,400,000 160 ft deep, 2 inch, SS $500/ft 
598,210 Backup 

. l ,466,830 Backup 

6,560,790 
116401197 
8,200,987 

164,020 
984, 1 18  
164,020 
410,049 

1 ,722,207 

9,923,195 I 

7 1 1 ,750 
8,353 Gas Flow Backup Sheet 

720,103 

144,021 

864,124 ! 

10,787,3 19 I 
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Soil Desiccation Backup Information 
Item Unit Cost Units !;!uanti� Cost 

Drill and Construct Wells 
Mobilize $ 2,500 2 $ 5,000 
WDOE Start Permits $ 50 each 55 $ 2,750 
Extraction Well @ 160ft x 2 inch $ 80,000 each 55 $ 4,400,000 

Subtotal to Install Wells $ 4,407,750 

4-inch piping Schedule 80 PVC $ 7.63 LF 200 $ 1,526 
10-inch piping Schedule 80 PVC $ 21.51 LF 7440 $ 160,008 
Pipe Insulation $ 6.00 LF 7640 $ 45,840 
Valves, plumbing fixtures $ 6,000.00 LS 18 $ 108,000 
Pipe Supports $ 434.46 each 651 $ 282,836 

Piping Subtotal $ 598,210 

HIE 979BE72W Rotron Blower 15 hp $ 10,736 each 18 $ 193,242 
Trailor for Blower System, 8ft x 20ft $ 5,B40 each 18 $ 105,122 
8" Structural Slab on Grade $ 10.77 SF 21,600 $ 232,714 
Continuous Monitoring and Recording of Air Flow $ 5,437 each 18 $ 97,873 
Installation Labor (MSPFF) $ 108.18 hr 2,160 $ 233,671 
Prep pad area (clear) $ 388.59 acre 7.44 $ 2,890 
Control System $ 10,000 each 18 $ 180,000 
Moisture Collection Tanks $ 2,500 each 18 $ 45,000 
Exhaust gas monitoring systems $ 10,000 each 12 $ 120,000 
Fencing to enclose treatment un its, 7 ft high chain Ii $ 29.01 LF 2880 $ 83,549 
7' Swing Gate, 12' Double 
Miscellaneous Equipment 
Overhead Electrical Power, 40-35' poles 1600 ft 
4/0 ACSR Colllluctor, installed 
Pad Mounted Transformer, 12.4 7 KV - 120/240V 

Power Requirements 
Item 

18 vacuum blowers 
Instrumentation and controls 

$ 547.77 each 18 $ 9,860 

$ 6,000 LS 18 $ . 108,000 

$ 540.66 pole 80 $ 43,253 

$ 1.08 LF 5400 $ 5,832 

$ 2,912.00 each 2 $ 5,824 

HP 

Subtotal to Install Equipment $ 1,466,830 

KW KW-HR in month 

15 1 1.19 8,169 
10 7,300 

Monthly Power Consumption 15,469 · 
Power Rate $0.0450 

Monthly Power Cost $ 696 
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Note 

Tacoma Pump and Drilling 

Hanford Comparable Cost 

Means, 2002 p 9-259 
Means, 2002 

Means 2002, 33 28 0101 

Means, 2002, p 3·345 30 
Means, 2002, 33 13 2361 
Means, 2002, 18 02 0322 
Means, 2002, 33 02 1507 
Means, 2002 
Means, 2002 p 4-1 

Means 2002, 18 04 0110 
Means 2002, 18 04 0118 

Means, 2002 20 02 0402 
Means, 2002 20 02 0302 
Means, 2002 20 02 0105 
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Onsite 

1 

1 

1 
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