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1.0 INTRODUCTION 

This interim measures (IM) work plan (IMWP) for plume control describes proposed activities to control 
chromium plume migration in groundwater at the Los Alamos National Laboratory (LANL or the 
Laboratory) boundary. The Laboratory proposes to conduct the IM in accordance with Section VII.B.1 of 
the March 1, 2005, Compliance Order on Consent (the Consent Order). The IM is proposed to control 
chromium migration in groundwater while long-term corrective action remedies are being evaluated. The 
work proposed in this IMWP follows from the “Interim Measures Work Plan for the Evaluation of 
Chromium Mass Removal,” submitted to the New Mexico Environment Department (NMED) in April 2013 
(LANL 2013, 241096). That work plan was prepared in response to requirements in a letter from NMED 
dated January 25, 2013 (NMED 2013, 521862), which directed that the work plan assess the potential for 
active long-term removal of chromium from the regional aquifer by pumping with a pilot extraction test 
well. This plan describes the installation and operation of extraction and injection wells to control plume 
migration.  

Investigations and conceptual models related to chromium contamination are summarized in a number of 
reports, including the “Investigation Report for Sandia Canyon” (LANL 2009, 107453) and the “Phase II 
Investigation Report for Sandia Canyon” (LANL 2012, 228624). Additional information presented in the 
“Summary Report for the 2013 Chromium Groundwater Aquifer Tests at R-42, R-28, and SCI-2” (LANL 
2014, 255110) and other previously unreported testing results at the new chromium extraction well 
CrEX-1 inform the technical recommendations in this work plan. Figure 1.0-1 shows the current extent of 
the chromium plume defined by the 50-ppb New Mexico groundwater standard. Figure 1.0-1 also includes 
time-series plots for wells R-45 and R-50, located at the downgradient portion of the plume. Chromium 
concentrations at these downgradient plume-edge wells show interannual variability in chromium 
concentrations, but the overall trend shows a distinct overall increasing trend in chromium concentrations. 
These increasing trends are the reason the Laboratory is proposing the plume-control actions presented 
in this IMWP.  

2.0 OBJECTIVES 

The principle objective of the IM presented in this work plan is to achieve and maintain the 50-ppb 
downgradient chromium plume edge within the Laboratory boundary. The activities conducted under this 
work plan are being proposed to expedite control of plume migration.  

The measures implemented under this work plan to achieve this objective have the metric of reduction of 
chromium concentrations at R-50 to the 50-ppb New Mexico groundwater standard or less over a period 
of approximately 3 yr. The method used to achieve this objective is to pump at an existing extraction well 
(CrEX-1) and to inject treated water into new injection wells located primarily along the downgradient 
portion of the plume. A secondary objective of hydraulically controlling plume migration in the eastern 
downgradient portion of the plume near well R-45 is expected to be met through injection in two wells 
located near R-45, as discussed in sections 3.1 and 3.2 of this plan. The pumping conducted for hydraulic 
control will also incidentally reduce the mass of chromium within the regional aquifer, but mass removal is 
not specifically an objective of this IM. Another objective is to obtain additional information of the aquifer 
properties (i.e., aquifer heterogeneity, hydraulic connections between pumping and observation wells) in 
the plume area by monitoring responses to pumping conducted for plume control.  
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3.0 APPROACH 

To rapidly reduce off-site chromium transport in the regional aquifer, a pump and treat (P&T) and injection 
approach is proposed to achieve hydraulic control of off-site plume migration. Plume control would be 
implemented using a method of hydraulic capture that utilizes existing extraction well CrEX-1 and a 
configuration of injection wells to control migration of chromium contaminated groundwater (Figure 3.0-1). 
The time frame to achieve the 50-ppb New Mexico groundwater standard within the Laboratory boundary 
along the southern portion of the plume is modeled at less than 3 yr. Once achieved, it is anticipated that 
intermittent versus continual pumping will occur to maintain hydraulic control of the plume. This P&T and 
injection effort may be implemented intermittently but is intended to be of limited duration until a final 
remedy is proposed and approved by NMED. Updates to the estimations of plume response will be 
ongoing as data from pumping and injection are obtained.  

Groundwater plumes are generally mitigated using one or a combination of three categorical approaches: 
monitored natural attenuation (MNA), P&T, or in situ strategies. MNA requires documentation that natural 
processes are occurring within the aquifer to reduce concentrations or toxicity of target contaminants. 
P&T can be conducted with the specific objective of achieving optimal removal of target contaminants 
from groundwater or to hydraulically control plume migration. In situ approaches generally involve the use 
of amendments directly within the aquifer either to favorably alter the geochemistry of the contaminants or 
to enhance naturally occurring biological processes that can favorably alter groundwater contaminants, in 
either case rendering them immobile or nontoxic.  

All of the above-mentioned approaches other than hydraulic control, as proposed in this IMWP for plume 
control, would be expected to produce a much slower response at the advancing plume edge or have not 
yet been fully evaluated for technical feasibility in the groundwater setting beneath Mortandad Canyon. 
Groundwater modeling indicates that pumping to remove chromium within the plume centroid does not 
appreciably affect the concentration of chromium at the southern plume edge until after 10 yr or more, 
and thus does not meet the primary objective of this IMWP. Groundwater modeling of various scenarios 
shows that a combination of pumping and injection along the downgradient plume edge has a rapid effect 
on stabilizing the plume edge (as defined by the 50-ppb New Mexico groundwater standard) well within 
the Laboratory boundary in less than 3 yr of operation (Appendix A).  

Disposition options, other than injection of treated groundwater via injection wells, were considered, 
including land application and piping and discharge of treated groundwater via an existing outfall that 
would release water into the same pathway that the chromium source initially followed. Relatively small 
volumes of treated groundwater may be land-applied in accordance with approved permits, largely for 
local dust suppression in the project area, but limitations on the amount of water that can be land-applied 
because of field logistics of distributing sufficient water on a continual basis would not result in sufficient 
extraction rates. Dispositioning treated water via a pipeline and existing outfall does not provide the 
significant benefit of rapid hydraulic control that injection wells provide and, therefore, does not support 
the objectives of this IMWP. However, the pipeline and outfall option for treated groundwater will likely be 
evaluated as a potential component of a final remedial solution to the plume.  

Other, more complex approaches, including MNA and in situ strategies that may eventually be applied to 
address the chromium plume, are being evaluated under a separate work plan for plume-center 
characterization. A final evaluation of technologies, including ranking and cost benefit, will be provided in 
a corrective measures evaluation report for NMED.  



Chromium Plume Control IMWP  

3 

3.1 Hydraulic Capture 

The goal of hydraulic capture is to create and maintain a capture zone that will arrest plume migration. An 
initial area of capture was determined from the 7-wk pumping period conducted at CrEX-1 in fall 2014. 
Appendix A presents the pressure-response data obtained from surrounding monitoring wells and provides 
an initial estimate of the capture zone. However, to optimize hydraulic capture of chromium-contaminated 
groundwater moving within the aquifer, existing extraction well CrEX-1 will operate continuously. This is 
consistent with the initial purpose of CrEX-1 “to evaluate further the capture zone” and “to evaluate the 
potential to control chromium migration towards the Laboratory boundary via hydraulic control” (LANL 
2014, 254824). An initial period of pumping at CrEX-1 (a minimum of 5–6 mo) at approximately 80–
100 gallons per minute (gpm) will help further establish and determine the extent, orientation, and shape of 
the capture zone established by pumping. The shape of the capture zone is expected to be impacted by 
aquifer heterogeneity. Analysis of pressure-response data from surrounding monitoring wells and 
piezometers will help with spatial characterization of aquifer heterogeneity and spatial propagation of the 
zones of hydraulic influence and hydraulic capture. All monitoring wells within the Interim Facility-Wide 
Groundwater Monitoring Plan’s (IFGMP’s) Chromium Investigation monitoring group and newly installed 
regional aquifer piezometers installed in corehole borings will have dedicated transducers for continuous 
monitoring of pressure response associated with pumping at CrEX-1 (and Los Alamos County water-
supply wells). 

If extended pumping at CrEX-1 and use of injection wells does not establish a capture zone sufficient to 
arrest plume migration, installation, and operation of an additional extraction well will be considered. The 
location of an additional extraction would be determined from newly obtained data. Modeled estimations of 
the shape of the capture zone over 1-, 3-, and 5-yr pumping durations in CrEX-1 are presented in 
Appendix A (Figures A-6.0-1a, b, and c). 

Pumped and treated water will be land-applied in accordance with an approved discharge permit pending 
issuance from the NMED Groundwater Quality Bureau because no other option is currently available for its 
disposition. The land-application permit will limit the period of application to months when the ground is not 
frozen to avoid runoff of applied water. After injection wells are installed and permitted (as discussed in 
section 3.2), reinjection will be the primary method of disposition and will allow for continuous pumping 
throughout the year, unconstrained by limitations of land application. The treatment and water 
management approach is described in section 3.5. 

3.2 Injection Wells 

Existing modeling analyses described in Appendix A suggest that the hydraulic capture of the 
contaminated groundwater at CrEX-1 will be substantially aided by siting the injection wells at the 
downgradient plume edge (Figure 3.0-1). Six injection wells are proposed to support plume control and 
provide operational flexibility during maintenance downtime. The priority injection well locations are those 
situated along the Laboratory boundary west and east of R-50 because of their specific role in helping to 
control chromium plume migration to the south (off-site). The next priority wells are those at the plume 
edge west of R-45 to help address what appears to be the advancement of the plume in that area, as 
manifested by the increasing chromium concentration at well R-45. The next priority well is the one 
situated at the plume edge west of R-44 to ensure the plume does not advance to the southeast in the 
R-44 area. A sixth injection well is currently planned in the centroid near R-42. This location was selected 
as a potential injection well location not only to provide an additional disposition location but also to test 
how injection of treated water may enhance diffusive processes between fine-grained, low-permeability 
zone that may contain higher concentrations of chromium and coarse-grained, high-porosity and 
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permeability zones that have lower chromium concentrations because of dilution from high ambient 
groundwater flow or because of removal by pumping.  

A typical injection well design is shown in Figure 3.2-1. Injection wells will be completed with screens in 
the upper portion of the regional aquifer. Data from existing monitoring wells and from the recent corehole 
drilling campaign indicate that contamination is dominantly within the upper 50 ft of the aquifer, so 
injection-well screens will be targeted for that interval. Specific hydraulic performance will vary between 
injection wells depending on the geology encountered, but the basic assumption is that injection wells will 
be able to accept injection rates comparable with the rates of extraction. Because of terrain constraints 
and the large number of cultural sites in the project area, angled drilling may be used to achieve target 
locations in the aquifer. Angled drilling would utilize existing monitoring well pads. Preliminary estimates 
indicate that the largest angle that will be drilled is approximately 23 degrees from vertical at chromium 
injection well CrIN-5.  

3.3 Interim Measure Performance 

Modeling results indicate the plume responds quickly to pumping at CrEX-1 and injection in the two 
injection wells west and east of R-50. The modeling analysis assumes that injection of treated water is 
distributed across the two injection wells at a rate equivalent to pumping at CrEX-1. Pumping at CrEx-1 in 
fall 2014 indicated the maximum sustainable pumping rate is approximately 80–100 gpm.  

Figure 3.3-1 shows projections of the plume over 1-yr, 3-yr, and 5-yr time frames. The operational 
approach used for the model assumes that CrEX-1 is pumping at 80 gpm and injection is occurring at 
approximately 40 gpm in each of the wells west and east of R-50. The model indicates the plume edge 
will be well within the Laboratory boundary by the second year of full operation. Currently, existing 
downgradient portions of the plume not captured by pumping at CrEX-1 will continue to migrate but at 
concentrations increasingly below the 50-ppb New Mexico groundwater standard. Injection wells along 
the eastern portion of the plume, especially near R-45, are also expected to limit plume expansion to the 
east (Figure A-8.0-3 in Appendix A). Some uncertainty exists in the potential influence of injection on 
groundwater flow direction in that portion of the plume, but dilution of plume concentrations in that area as 
a result of injection would likely also result in decreases in chromium concentrations along that potential 
flow path. There are some uncertainties specifically with respect to how quickly the plume will respond to 
pumping because the model and the projections shown in Figure 3.3-1 do not yet represent the role that 
dual porosity may play with respect to the distribution of chromium within the aquifer. Seven weeks of 
pumping in CrEX-1 in fall 2014 showed steady concentrations of chromium, possibly indicating that 
chromium is primarily within coarse, permeable strata in this portion of the plume. Additional pumping at 
CrEX-1 will improve the understanding of whether dual porosity plays a role in the distribution of 
chromium in the aquifer in the CrEX-1 area. 

Once downgradient plume control is achieved, it is anticipated that operations will become intermittent for 
operational efficiency but in a manner that still maintains plume control. It is anticipated that hydraulic 
control measures will continue until a final remedy is approved and implementation is underway.   

3.4 Performance Monitoring 

Existing monitoring wells within the Chromium Investigation monitoring group under the IFGMP 
(Figure 1.0-1) will continue to be sampled in accordance with the current approved IFGMP (LANL 2014, 
256728). However, key wells for monitoring performance of the IM are R-50, screens 1 and 2; R-44, 
screens 1 and 2; and R-45, screens 1 and 2. These wells are situated along the downgradient edge of the 
plume and, therefore, are well suited for monitoring performance of the hydraulic containment strategy. 
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Although somewhat variable, the overall trend in chromium concentrations in R-45 and R-50 over the past 
few years has been increasing within the upper screens. The chromium concentration in these wells is 
expected to decline in response to the pumping and injection approach described here. Well R-44 is 
currently showing low and stable chromium concentrations that should remain the same or decline in 
response to pumping and injection. Figure A-8.0-4 in Appendix A shows estimations of the trend of 
chromium concentrations at R-50, screen 1, and R-45, screen 1, in response to pumping and injection. 
New piezometers installed in coreholes drilled in 2014 and 2015 within the plume area will be used along 
with existing monitoring wells to continuously monitor pressure responses associated with pumping and 
injection and may also be monitored periodically for changes in water quality.  

3.5 Groundwater Treatment and Disposition 

The treatment system will consist of extraction well CrEX-1 (and a possible additional extraction well), a 
treatment system, a spray irrigation system for potential land application, and ultimately up to six injection 
wells. Once fully operational, the system will run continuously with pumped groundwater being treated at 
the surface and delivered to injection wells via piping. The treatment unit is likely to be sited at the CrEX-1 
location to minimize the distance that contaminated groundwater is conveyed before pumping begins. 
Two treatment trains, each consisting of two ion-exchange vessels, will operate in series to treat 
groundwater extracted from CrEX-1. The first vessel removes up to 99% of the chromium (and nitrate), 
and the second vessel is used for redundancy and polishing. A third treatment train is held in reserve as a 
spare. Water quality in the treatment stream will be monitored in accordance with an NMED-approved 
discharge permit to ensure that water land-applied or dispositioned via reinjection will meet the criteria set 
forth in the permit(s). When the injection wells are operational, a computer-control system will be in place 
to monitor and control flow rates, pressures, water levels, and injection rates into the wells to ensure the 
systems are operating as designed. Flow rate of injected water will be monitored, and pressure at each 
injection well will be maintained at a design level. Water levels in all injection wells will be monitored by a 
control system with system shutdown mechanisms in places. Each injection well will also be equipped 
with a submersible pump to allow each well to be periodically back-flushed for maintenance. The 
approved discharge permit will include contingencies for failures in any part of the treatment and 
discharge system.  

4.0 SCHEDULE 

Implementation of the IMWP scope currently depends on the Laboratory’s receiving approval from NMED 
for the land application of treated water pumped from CrEX-1. It is currently anticipated that a discharge 
permit will be in place for land application sometime in June 2015 to allow the Laboratory to begin 
pumping at CrEX-1. Under that scenario, pumping could be conducted continuously from approximately 
July to approximately November 2015, at which time pumping and land application will terminate because 
the permit will not allow land application on frozen ground. Additional restrictions on initial operations at 
CrEX-1 are the limits established for allowed days of pumping under the existing New Mexico Office of 
the State Engineer (OSE) permit. Eighty-seven days of pumping remain on the existing OSE permit. 
Additionally, existing National Environmental Policy Act (NEPA) coverage provides for an additional 
13 million gallons of pumping. Extending operation of CrEX-1 past these limits requires completion of the 
Environmental Assessment process under the NEPA, an OSE permit for change in point of diversion, and 
a discharge permit for land application of treated water. The process involved for all of these permits is 
underway. 

Drilling and construction of injection wells is expected to begin in fall 2015. The goal is to have the 
pumping, treatment, and injection infrastructure in place for operation in 2016; however, operation of the 
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injection wells depends upon receiving the discharge permit for injection wells, the application for which 
was submitted April 2015. Once the system is fully operational, pumping and injection will operate 
continuously while monitoring is conducted by the Laboratory to determine whether hydraulic capture 
meets the objective of achieving and maintaining the plume edge within the Laboratory boundary. 

If the goal is met, an updated extraction and injection operational program to maintain hydraulic control 
will be implemented. The updated strategy will consider opportunities to minimize groundwater extraction 
while still controlling the migration of chromium.   

5.0 MANAGEMENT OF INVESTIGATION-DERIVED WASTE 

Investigation-derived waste will be managed in accordance with EP-DIR-SOP-10021, Characterization 
and Management of Environmental Programs Waste. This standard operating procedure incorporates the 
requirements of applicable U.S. Environmental Protection Agency and NMED regulations, 
U.S. Department of Energy orders, and Laboratory requirements. The primary waste streams include 
development water, drill cuttings, drilling fluid, decontamination fluids, and contact waste. 

6.0 REFERENCES 

The following list includes all documents cited in this plan. Parenthetical information following each 
reference provides the author(s), publication date, and ER ID or ESH ID. This information is also included 
in text citations. ER IDs were assigned by the Environmental Programs Directorate’s Records Processing 
Facility (IDs through 599999), and ESH IDs are assigned by the Environment, Safety, and Health (ESH) 
Directorate (IDs 600000 and above). IDs are used to locate documents in the Laboratory’s Electronic 
Document Management System and, where applicable, in the master reference set. 

Copies of the master reference set are maintained at the NMED Hazardous Waste Bureau and the 
ESH Directorate. The set was developed to ensure that the administrative authority has all material 
needed to review this document, and it is updated with every document submitted to the administrative 
authority. Documents previously submitted to the administrative authority are not included. 

LANL (Los Alamos National Laboratory), October 2009. “Investigation Report for Sandia Canyon,”  
Los Alamos National Laboratory document LA-UR-09-6450, Los Alamos, New Mexico.  
(LANL 2009, 107453) 

LANL (Los Alamos National Laboratory), September 2012. “Phase II Investigation Report for Sandia 
Canyon,” Los Alamos National Laboratory document LA-UR-12-24593, Los Alamos, New Mexico. 
(LANL 2012, 228624) 

LANL (Los Alamos National Laboratory), April 2013. “Interim Measures Work Plan for the Evaluation of 
Chromium Mass Removal,” Los Alamos National Laboratory document LA-UR-13-22534,  
Los Alamos, New Mexico. (LANL 2013, 241096) 

LANL (Los Alamos National Laboratory), March 2014. “Summary Report for the 2013 Chromium 
Groundwater Aquifer Tests at R-42, R-28, and SCI-2,” Los Alamos National Laboratory document 
LA-UR-14-21642, Los Alamos, New Mexico. (LANL 2014, 255110) 

LANL (Los Alamos National Laboratory), March 2014. “Drilling Work Plan for Groundwater Extraction Well 
CrEX-1,” Los Alamos National Laboratory document LA-UR-14-21478, Los Alamos, New Mexico. 
(LANL 2014, 254824) 



Chromium Plume Control IMWP  

7 

LANL (Los Alamos National Laboratory), May 2014. “Interim Facility-Wide Groundwater Monitoring Plan 
for the 2015 Monitoring Year, October 2014–September 2015,” Los Alamos National Laboratory 
document LA-UR-14-23327, Los Alamos, New Mexico. (LANL 2014, 256728) 

NMED (New Mexico Environment Department), January 25, 2013. “Response, Proposal to Submit Interim 
Measures Work Plan for Chromium Contamination in Groundwater,” New Mexico Environment 
Department letter to P. Maggiore (DOE-LASO) and J.D. Mousseau (LANL) from J.E. Kieling 
(NMED-HWB), Santa Fe, New Mexico. (NMED 2013, 521862) 

 

 

 

  



Chromium Plume Control IMWP 

8 

 



Chromium Plume Control IMWP  

 9 

 
Notes: Shaded area represents the approximate plume edge at the 50-ppb level for chromium. The two time-series plots show increasing chromium concentrations at the downgradient portion of the plume. 

Figure 1.0-1 Extent of chromium contamination in groundwater 
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Figure 3.0-1 Location of the existing extraction well for hydraulic control and proposed locations for injection wells 
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Figure 3.2-1 Generalized injection well design 
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a.  

b.  

Note: The modeled scenarios assume pumping at CrEX-1 at 80 gpm and injection in CrIN-1 and CrIN-2 at 40 gpm each. 

Figure 3.3-1 Snapshot estimations of the extent of chromium at the 50-ppb level for (a) 1-yr, 
(b) 3-yr, and (c) 5-yr time frames after initiation of pumping and injection 

 



Chromium Plume Control IMWP  

13 

c.  

Note: The modeled scenarios assume pumping at CrEX-1 at 80 gpm and injection in CrIN-1 and CrIN-2 at 40 gpm each. 

Figure 3.3-1 (continued) Snapshot estimations of the extent of chromium at the 50-ppb level for 
(a) 1-yr, (b) 3-yr, and (c) 5-yr time frames after initiation of pumping and 
injection 
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A-1.0 INTRODUCTION 

This appendix provides a detailed analysis of the hydraulic pressure data collected during the pumping 
test conducted at regional chromium extraction well CrEX-1 by Los Alamos National Laboratory (LANL or 
the Laboratory). Preliminary analyses were presented in the “Completion Report for Chromium Extraction 
Well 1” (hereafter, the CrEX-1 Completion Report) (LANL 2015, 600170). The appendix also provides a 
modeling analysis of potential capture zones (CZs) and plume responses under different pumping 
regimes and injection scenarios. 

A-2.0 HYDROGEOLOGY 

CrEX-1 was installed initially to test the concept of hydraulic capture of chromium-contaminated 
groundwater to arrest plume migration at the southern downgradient edge of the plume. The CrEX-1 
borehole was drilled using fluid-assisted dual-rotary drilling methods and mud-rotary methods. Drilling 
fluid additives included potable water, a foaming agent and benonite-based drilling mud. The CrEX-1 
screened intervals consist of a 50.0-ft screen from 990 to 1040 ft below ground surface (bgs) and a 
20-ft-long screen from 1070 ft to 1090 ft bgs that is isolated from the upper screen with a packer. A 30-ft 
section of blank casing separates the two screens. CrEX-1 is completed in the Puye Formation ([Tpf] 
809 ft to 1054 ft bgs); mixed Miocene deposits ([Tjpf and Tcar] 1054 ft to 1070 bgs); and Miocene 
pumiceous sediments ([Tjfp] 1070 ft to 1155 ft bgs). Since only the upper 50-ft screen was pumped, the 
aquifer test provides information about the properties of Puye Formation. Aquifer testing indicated CrEX-1 
will perform effectively and will be capable of sustained pumping at approximately 80–100 gallons per 
minute (gpm) (LANL 2015, 600170). 

On October 3, 2014, following well installation, well development, installation of the packer between the 
upper and lower screens, and aquifer testing, the depth to water was 997.2 ft bgs. The upper screen of 
CrEX-1 straddles the regional water table. This allows for effective interrogation of the upper most portion 
of the regional aquifer next to the regional water table where the highest contaminant concentrations are 
expected. As a result, the effective screen length is about 43 ft (from the water table to the bottom of the 
upper screen which is at 1040 ft bgs). 

The pumping of CrEX-1 produces a maximum drawdown of about 6.2 m (~20 ft) within the pumped upper 
screen at a pumping rate of approximately 80 gpm. However, the well-specific capacity does not decline 
with the increase of the pumping rate (and the respective increase of the pumping drawdown; see below). 
This suggests that borehole skin effects cause a portion of the drawdown; as a result, the drawdown in 
the aquifer near the well is expected to be much lower than the one observed within the pumped 
borehole. Nevertheless, the pumping causes a decline in the regional water table, and it is expected that 
residual vadose-zone groundwater flow from the capillary fringe may impact the drawdowns observed in 
CrEx-1. Therefore, unconfined (phreatic) groundwater flow is occurring near the pumped well. However, 
the observed drawdowns are still small compared with the aquifer thickness (>100 ft), and therefore it is 
acceptable to use analytical solutions and numerical models that interpret the flow as confined. 

Based upon the depth to water of 997.2 ft bgs measured at CrEX-1 on October 3, 2014, after installation, 
initial development and aquifer testing, the water-level elevation was approximately 5834.73 ft above 
mean sea level ([amsl] the top of well casing is at elevation 6831.91 ft and the water level in the well is 
997.2 bgs).  
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A-3.0 CrEX-1 PUMPING TEST DATA 

CrEX-1 was tested from October 1 to 4, 2014. Testing consisted of a five-step pumping test on October 1, 
and a 24-h constant-rate pumping test that was begun on October 3. The pumping rates during the 
five-step test and the 24-h pumping test were relatively steady. The water level declines and rebounds 
very fast in response to pumping. The initial recovery of water levels to elevations higher than the 
equilibrated static level during rebound when pumping stops could indicate groundwater recharge from 
the vadose zone, but there may be other explanations such as elastic deformations in the porous media. 
The water level also recovers relatively fast to the prepumping conditions after pumping stops, suggesting 
the aquifer at CrEX-1 has relatively high hydraulic conductivity and that borehole skin effects may be 
impacting the observed drawdowns within the pumping well. The aquifer testing was performed in the 
upper screen only. A 50-horsepower, 6-in.-diameter Grundfos submersible pump was used to perform the 
aquifer tests. 

Five short-duration pumping intervals (steps) without recovery in between were conducted on October 1. 
The primary objective of the short-duration step tests was to assess the hydraulic behavior of the system 
and properly determine the optimal pumping rate for the 24-h test. The step tests demonstrated that the 
specific capacity of the well does not seem to depend on the pumping rate, which suggests the well is 
fully developed. During the step tests, the specific capacity varied between 100 and 120 m2/d (5.5 and 
6.6 gpm/ft). The pumping at the highest rate produced about 5 m (~16 ft) drawdown within the screen. 
However, the well-specific capacity does not decline with the increase of the pumping rate (LANL 2015, 
600170, Appendix D). This suggests that borehole skin effects cause a portion of the drawdown. 
Nevertheless, the pumping causes a decline in the regional water table. Therefore, unconfined (phreatic) 
groundwater flow is occurring near the pumped well.  

A 24-h aquifer test was completed on October 3. The test was conducted at a pumping rate of 517.6 m3/d 
(94.9 gpm). The 24-h aquifer test analyses suggested a formation transmissivity on the order of 490 m2/d 
(40,000 gallons per day/ft). This transmissivity value is very similar to the estimate obtained by a recent 
analysis of R-28 aquifer test conducted in 2014 (LANL 2014, 255110). 

The saturated thickness corresponding to the transmissivity value is not known in order to estimate 
hydraulic conductivity. The saturated thickness is impacted by the pumping because the pumping causes 
a decline in the regional water table. If it is assumed the saturated thickness is the length of the initial 
saturated screened interval (~43 ft before the pumping started) minus a half the observed drawdown 
(~10 ft), the estimated average hydraulic conductivity is about 49 m/d or 161 ft/d. However, this estimate 
is uncertain. Still, the value of hydraulic conductivity is consistent with the estimate obtained for R-28 
(~120 ft/d). 

The CrEX-1 transmissivity and hydraulic conductivity estimate suggests the extraction well is within a 
highly permeable zone of the regional aquifer. This can be very beneficial in terms of the CrEX-1 primary 
objective of hydraulic capture. Appendix D of the CrEX-1 Completion Report presents the complete 
results and analysis of the CrEX-1 aquifer test. 

After the completion of the 24-h-pumping test, CrEX-1 was continuously pumped from October 5 to 
November 26, 2014. The 52-d pumping was conducted at an average pumping rate of about 81 gpm. On 
December 1, the pumping resumed for another 11 d at a similar rate. During the last 2 d of pumping, 
higher pumping rates were attempted, but it appeared that at rates greater than 100 gpm too much 
drawdown occurred in the well to sustain rates greater than 100 gpm. 
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The extended pumping at CrEX-1 provided additional data for analyses of aquifer properties. More 
importantly, the extended pumping allowed for detection of pressure declines at the nearby observation 
wells. 

A-4.0 ANALYSIS OF CrEX-1 PUMPING TEST DATA 

The water-level data for the CrEX-1 pumping test were analyzed using the method described in 
(Vesselinov and Harp 2011, 227709) to estimate the drawdowns that can be attributed to each nearby 
monitoring well. The analyses account for the pumping effects caused not only by CrEX-1 but also the 
municipal water supply pumping at PM-4, PM-2, O-4, etc. The analyses utilize two open-source codes 
developed at the Laboratory: WELLS (http://wells.lanl.gov) and MADS (http://mads.lanl.gov). WELLS is 
applied to simulate the drawdowns caused by the pumping at CrEX-1 and the water supply wells. MADS 
is applied to (1) deconstruct pumping drawdowns caused by different pumping wells and (2) estimate 
aquifer properties by matching the simulated and observed hydraulic heads at the observation wells. 

Figures A-4.0-1 through A-4.0-19 present the results of this analysis. Each figure shows the model-based 
deconstruction of the water-level transients observed in each monitoring well during the 2014 CrEX-1 
pumping period. In each figure, the upper plot shows the observed and simulated water levels at the 
monitoring well, and the lower plot shows the attribution of the drawdown to each of the wells pumped 
during the observation period: O-4, PM-2, PM-3, PM-4, PM-5, CrEX-1, R-42, and R-28. The analyses 
require long data records. The longer the record, the more accurate are the deconstructed pressure 
estimates. Table A-4.0-1 lists the estimated CrEX-1 drawdowns at the end of the CrEX-1 pumping tests. 

Uncertainties associated with estimates of aquifer properties based on the CrEX-1 pumping data are 
because of the small magnitude of the drawdowns measured in some of the observation wells. The 
presented estimates in Table A-4.0-1 are preliminary. Additional data collected during upcoming 2015 
CrEX-1 pumping test will help to substantially reduce the uncertainties and better characterize aquifer 
properties. 

Based on the results shown in Figures A-4.0-1 through A-4.0-19, the following important observations can 
be made about the aquifer behavior during the 2014 CrEX-1 pumping test. 

The CrEX-1 induced drawdown is uncertain at CrPZ-1 (CrCH-1 on Figure A-4.0-1). The collected 
pressure record was very short. However, it can be concluded that changes in the pumping rates in 
CrEX-1 in December 2014 may have caused pressure transients at CrPZ-1; although this conclusion is 
expected, more data are needed to better understand the CrPZ-1 hydraulic response to CrEX-1 pumping. 

R-1 transients are well reproduced by the model but the model-estimated CrEX-1 drawdown is 
questionable and small, if present (Figure A-4.0-2). R-11 and R-13 transients are also well reproduced by 
the model (Figures A-4.0-3 and A-4.0-4); the CrEX-1 drawdown in these wells is small but potentially well 
defined by the existing data and applied model. 

There are some potential problems with the late 2014 water-level data collected at R-15 (Figure A-4.0-5); 
the steady flat pressure decline observed in late 2014 contradicts the previous model analyses. 
Therefore, the data are not sufficient to define the CrEX-1 drawdown in this monitoring well. 

R-33 screen 1 and R-35b transients are well reproduced by the model, but the CrEX-1 drawdown 
contribution is questionable and small, if present (Figures A-4.0-6 and A-4.0-7). The pressure data 
collected in R-33 screen 2 is difficult to analyze because of the strong pressure transients caused by the 
municipal water-supply pumping, and thus the data and modeling results are not included here. 
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Data gaps and uncertainties are associated with the R-42 pressure record that make the analyses difficult 
and the CrEX-1 drawdown estimate is uncertain (Figure A-4.0-8). 

R-43 screen 1 and screen 2 transients are well reproduced by the model, but the model-predicted CrEX-1 
drawdown is uncertain and small, if present (Figures A-4.0-9 and A-4.0-10). 

Figures A-4.0-11 through A-4.0-18 show the drawdowns in a series of two-screen wells near CrEX-1: 
R-44, R-45, R-50, and R-61. The results for these wells show that pressure transients are very well 
reproduced by the model.  

R-50 screens show the largest drawdowns observed by any of the monitoring wells (Figures A-4.0-15 and 
A-4.0-16). There are important discrepancies between the observed and model simulated pressure 
transients during the CrEX-1 pumping test related to R-50. The model reproduces relatively well the 
pressure transient including the limited recovery record after the pumping termination (Figures A-4.0-15 
and A-4.0-16). However, the model overpredicts the pressure decline at the beginning of the CrEX-1 
pumping test. It is expected that this be caused by phreatic effects. The applied model does not account 
for vadose zone and water table hydraulic impacts during the CrEX-1 pumping test and this is the 
possible reason for the discrepancy. This observation is important because it provides insights about the 
aquifer properties in the area between CrEX-1 and R-50. Additional pressure data collected during 2015 
CrEX-1 pumping conducted for the interim measure will help to better understand site hydraulic 
conditions. 

Figure A-4.0-19 shows the pressure transients in R-62. Data gaps and uncertainties are associated with 
R-62 pressure record that make the analyses difficult and the estimates unclear. 

It is important to note that substantial data gaps and uncertainties are also associated with R-28 pressure 
records in 2014 (the data are not presented here), making a complete analysis related to the CrEX-1 
pumping test difficult. More data are needed to understand the R-28 hydraulic response to CrEX-1 
pumping. 

As discussed earlier, the aquifer is expected to be heterogeneous. The estimated transmissivity and 
storativity values in Table A-4.0-1 seem to confirm this expectation. The estimated values in the table 
represent effective aquifer properties between the pumping (CrEX-1) and observation wells. The analyses 
are based on an analytical model (Theis) that assumes uniformity in aquifer properties and confined 
conditions. These assumptions are not expected to be valid so the estimated transmissivity and storativity 
values should be analyzed with care. Nevertheless, the relatively large variability in the estimated 
transmissivity and storativity values suggest pronounced aquifer heterogeneity. 

A-5.0 ANALYTICAL ANALYSIS OF CrEX-1 CAPTURE ZONE 

Table A-4.0-1 shows the pumping-related drawdowns at the end of the 2014 CrEX-1 pumping period. 
Here, the zone of influence (the ZOI or the cone of depression) is identified as the area within which 
measurable pumping drawdown greater than 0.01 m can be detected. Theoretically, very small 
(immeasurable) drawdowns will be manifested throughout the regional aquifer. However, practically 
speaking, the ZOI is defined as the zone where drawdown greater than 0.01 m can be detected. The 
CrEX-1 ZOI appears to be extensive (Table A-4.0-1). The only nearby well that was not apparently 
influenced by CrEX-1 pumping is R-36.  

The ZOI during aquifer pumping is different than the CZ, which represents the portion of the aquifer that is 
affected by the pumping well in such a way that all the groundwater within the CZ will be pumped out by 
the well. In the case of a uniform isotropic aquifer, the shape of ZOI and CZ will be similar: it will be a 
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circle centered at the pumping well. The radius of the circle will depend on the pumping time. Typically, 
the ZOI is larger than the CZ. 

However, in the case of ambient flow, the shape of the CZ will have an elongated form with a 
predominantly upstream spatial extent. A schematic representation of the CZ shape is presented in 
Figure A-5.0-1. The CZ estimate typically assumes only an advective steady-state groundwater flow. 
However, because of groundwater dispersion, some of the groundwater within the CZ will escape capture 
while some of the groundwater outside the CZ will be captured. Because of transients in the groundwater 
pressures and flow velocities from induced pumping at CrEX-1, the CZ will grow around the pumping well 
until a quasi-steady-state flow regime is established around the pumping well. 

Under the quasi-steady-state, the pressures still decline from pumping; however, the hydraulic gradients 
equilibrate to the final steady-state values. The zone of quasi-steady-state flow regime (ZQSS) grows in 
time around the pumping well, and the rate of propagation depends on the aquifer properties and the 
pumping rate. Both the ZOI and the ZQSS are expected to have a similar shape (circular in the case of a 
uniform aquifer). The CZ shape depends on the ambient flow properties (Figure A-5.0-1) that is, the 
magnitude of the ambient groundwater flow. The CZ extent upgradient grows in time and depends on 
both the pumping duration and rate, and on the ambient groundwater flow properties. The CZ extent 
downgradient reaches an inflection point after a given period of pumping and cannot be increased further. 

In general, the CZs of pumping wells have a three-dimensional shape characterized by three-dimensional 
structure and properties of the regional groundwater flow during the aquifer test. As a result, the CZ 
depends on various hydrogeologic factors: 

 pumping rate and duration; 

 shape of the regional water table; 

 aquifer thickness; 

 spatial and temporal distribution in aquifer flow velocities controlled predominantly by 
heterogeneity and anisotropy in aquifer properties (permeability, storativity, etc.); 

 spatial and temporal variability in aquifer recharge controlled predominantly by heterogeneity and 
anisotropy in vadose zone properties and spatial and temporal distribution of infiltration along the 
nearby canyons; and 

 influence of water-supply pumping at nearby municipal water-supply wells (PM-3, PM-5, PM-4 
and PM-2); the water-supply pumping causes small changes in the water levels measured at 
monitoring wells. As a result, it is expected that the water-supply pumping does not significantly 
affect the shape of the CrEX-1 CZ. 

It is important to emphasize that the magnitude of aquifer recharge can be an important factor affecting 
the size of the estimated CrEX-1 CZ. In general, the magnitude of aquifer recharge on the 
Pajarito Plateau is relatively small (less than 1 mm/yr), and recharge at this scale is not expected to 
significantly influence the shape of the CZ of pumping wells. In this case, for modeling purposes, the 
regional water table can be approximated as a no-flow boundary. However, higher recharge rates in the 
plume area resulting from localized recharge along Sandia and Mortandad Canyons can significantly 
influence the shape of the CZ. 
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A-5.1 CrEX-1 Capture Zone Estimate Based on the Pumping Rate Only 

The CZ at CrEX-1 can be estimated based on the volume of water pumped. This approach allows for 
better approximation of the CZ size at early times when the pumping period is relatively short 
(for example, less than 100 to 300 days). 

In this case, the CZ is assumed to have a cylindrical shape with a constant vertical height H (depending 
on the well screen length) and time-varying horizontal radius R. To account for the three-dimensional 
component of groundwater flow near the well screen, the vertical height H is assumed to be 
approximately 1.5 times the screen length; for example, H is ~15 m (50 ft) for CrEX-1. In this case, the 
three-dimensional aspect of the groundwater flow increases the CZ thickness only below the screen, not 
above the screen because at the top the CZ is bounded by the regional water table. The cylinder radius 
can be computed using the following formula: 

 

where Qp is the pumping rate, t is pumping duration, S is the water storage porosity. If the total water-
filled porosity is assumed to be 0.3, the CZ after 52 d of pumping has a radius of 32 m (~110 ft) around 
the well. However, this CZ estimate does not account for ambient groundwater flow in the aquifer. 

A-5.2 CrEX-1 Capture Zone Estimate Based on Ambient Aquifer Flow 

The CZ can also be estimated based on the width of groundwater flow within which the ambient 
groundwater flux is equal to the pumping rate (Figure A-5.0-1). In this case, the CZ grows upgradient until 
reaching a width within which the ambient groundwater flow rate is equal to the pumping rate 
(Figure A-5.0-1). This approach allows for a better approximation of the CZ size at late times when the 
pumping period is relatively long, allowing establishment of a quasi-steady state flow regime near the 
pumping well. This approach is best applied for long-duration pumping periods, greater than 100 to 
300 days. This is a function of the aquifer properties. In this case, the width of the CZ perpendicular to the 
groundwater flow direction becomes a constant in time once the flow reaches a quasi-steady state. 

Assuming uniform confined groundwater flow conditions, the flow rate Q through a vertical section in the 
regional aquifer with a horizontal width W can be computed as: 

	  

The width W can be computed as: 

 

The ambient groundwater flow in the aquifer near CrEX-1 has hydraulic gradient of about 0.001. For 
pumping rate of 81 gpm and transmissivity of 40,000 gpd/ft, the width of CZ upgradient from CrEX-1 is 
about 900 m (~3000 ft) perpendicular to the groundwater flow direction. The CZ width adjacent to CrEX-1, 
Ww (Figure A-5.0-1) is exactly half of the upgradient width W, or about 450 m (~1500 ft). These are initial 
model estimates because there are uncertainties in the ambient hydraulic gradient and the large-scale 
aquifer transmissivity that define the ambient groundwater flux. For example, if the hydraulic gradient is 
an order of magnitude higher (0.01, i.e., ambient groundwater flux is an order of magnitude higher), the 
width of CZ upgradient from CrEX-1 will be approximately 90 m (~300 ft). The data collected during 
fieldwork in 2015 (pumping and tracer tests) will provide additional information to constrain this 
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uncertainty. It is also important to emphasize that these estimates are based on assumptions for uniform 
and homogenous groundwater flow; aquifer heterogeneity will further impact the shape and site of the 
CZs. 

The maximum length of capture in the downgradient direction, L0, from the pumping well (Figure A-5.0-1) 
can be expressed as follows: 

2
 

For a pumping rate of 81 gpm, the length of CrEX-1 CZ in the downgradient direction, L0, is about 143 m 
(~580 ft). If the hydraulic gradient is an order of magnitude higher (0.01), the width of CZ upgradient from 
CrEX-1 is only about 14 m (~45 ft). 

Once the equilibrium between the pumping and ambient flow rates has been established, the pumped 
well will capture the groundwater flowing toward the well in the CZ. The length L of the CZ upgradient of 
CrEX-1 (Figure A-5.0-1) depends on the groundwater flow pore velocity and the pumping duration. 

It is important to emphasize that the dimension of the CZ computed above is for long-term pumping 
periods. For example, if the CrEX-1 pumping was turned on for an extended period of more than 300 d, 
the presented CZ estimates will be valid estimates (assuming that the aquifer is uniform). However, the 
CrEX-1 aquifer test data also demonstrate that the aquifer is also highly heterogeneous. As a result, the 
shape of the steady-state CZ will likely have a much more complicated shape and will likely have 
dimensions less than those estimated above. 

The CrEX-1 CZ during the 2014 pumping period (because of the relatively short duration of the tests) is 
expected to be more consistent with the estimates based on the pumped volume. Therefore, the CrEX-1 
CZ during the 2014 pumping period is estimated to have radius of about 32 m (110 ft) around the 
pumping well. 

A-6.0 NUMERICAL MODEL ANALYSIS OF CrEX-1 PUMPING 

A numerical model of groundwater flow and contaminant transport in the regional aquifer beneath the 
Sandia and Mortandad Canyons area is developed to inform and enhance the understanding of the fate 
and transport of chromium in the environment. This section describes the current state of the 
development of the numerical model and discusses the current modeling results. This is a work in 
progress and a continuation of the model analyses presented in the 2008 “Fate and Transport 
Investigations Update for Chromium Contamination from Sandia Canyon” (LANL 2008, 102996) and the 
2012 “Phase II Investigation Report for Sandia Canyon” (LANL 2012, 228624). 

Flow numerical simulations are applied to predict the groundwater flow in the regional aquifer in the 
chromium plume area. Groundwater flow and contaminant transport in the unsaturated zone are not part 
of the current modeling effort. 

A three-dimensional unsaturated zone model is contained in Appendix J of the 2008 “Fate and Transport 
Investigations Update for Chromium Contamination from Sandia Canyon” (LANL 2008, 102996). The 
vadose-zone model analyses demonstrated the potential three-dimensional channeling and lateral 
diversion (along hydrostratigraphic contacts) of water infiltrating beneath Sandia Canyon before it reaches 
the regional aquifer. Further developments of the three-dimensional unsaturated zone model are ongoing 
as well. 
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The current goal is to generate a model calibrated against existing water-level observations during the 
2014 CrEX-1 pumping period. The model will also be calibrated to reproduce the pumping effects caused 
by municipal water supply–well pumping near the plume area. Additionally, the model will be calibrated to 
the cross-well pumping effects caused by pumping at R-42 and R-28 during short- and longer-term 
pumping tests previously conducted in these wells. 

However, the model currently does not represent (1) the ambient groundwater flow at the site, (2) the 
long-term water-level changes in the regional aquifer, and (3) the long-term chromium concentration 
transients observed in the site monitoring wells. In the future, these components will be added to the 
calibration process as well. The model is also representing the aquifer as confined. More complex model 
analyses accounting for the impacts of the phreatic and the vadose zones on the regional aquifer flow will 
be developed in the future as well. The model also currently simulates the flow medium as a single 
continuum and does not represent potential dual porosity within the aquifer materials. Updated modeling 
analyses will incorporate dual porosity effects for the regional aquifer, which may also exhibit substantial 
spatial variability especially as it affects storage of chromium. 

The model is calibrated against existing water-level drawdowns observed at regional wells R-1, R-33 
(2 screens), R-15, R-62, R-43 (2 screens), R-42, R-28, R-61 (2 screens), R-50 (2 screens), R-45 
(2 screens), R-44 (2 screens), R-11, R-13, R-35b, R-36, and R-34; 16 wells and 22 screens in total. The 
model simulates the pumping effects caused by CrEX-1, R-42, R-28, PM-1, PM-2, PM-3, PM-4, PM-5, 
and O-4.  

The model is calibrated using an automated calibration process employing the Levenberg-Marquardt 
optimization algorithm as implemented in the code MADS (http://mads.lanl.gov). The objective function 
subject to minimization is defined as 

 = [c – f(b)]TW[c – f(b)] 

where c is a vector [N×1] of optimization targets, b is a vector [M×1] of model parameters, W is a diagonal 
weight matrix [NM], and f is the model. While  is minimized, the algorithm searches for the maximum-
likelihood parameter set b that provides the best fit between simulated f(b) and measured c quantities. 
The vector of optimization targets includes estimated drawdowns in the monitoring wells. W represents 
the relative weight of each optimization target defined subjectively based on the magnitude of the 
calibration data. The vector b includes various model parameters considered in the inverse analysis. 

The model development included a series of inverse analyses with different complexity. The final model 
has on the order of 84 unknown model parameters (outlined in the next section) and about 182,070 
calibration targets. 

The model domain and the computational grid are shown in Figure A-6.0-1. The figure represents the 
three-dimensional model domain, computational grid, and locations of the monitoring well screens 
included in the model. The computational grid is structured with local grid refinements near the existing 
wells. Vertically, the grid has higher resolution close to the top of the model and grid spacing increases 
with depth. The lateral spacing is approximately 50 × 50 m (~160 × 160 ft). The vertical spacing varies 
from about 1 m to 15 m. The grid includes about 540,000 nodes and about 3,053,000 elements. The 
colors in Figure A-6.0-1 represent the different geologic units. The top of the model is constrained by the 
regional water table. The grid is designed to provide sufficient computational accuracy and efficiency for 
the performed model analyses. The model domain extends approximately 20 km west-east, 
approximately 16.5 km north-south, and approximately 1075 m vertically. All the model boundaries are 
defined as no-flow boundaries. Initial boundary condition is a constant head (zero drawdown) throughout 
the model domain. The regional aquifer is simulated as confined while, in reality, the aquifer is phreatic 
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(unconfined). Model simulations representing the regional water table as a material boundary are feasible 
but much more computationally intensive. Given the small magnitude of the water-level fluctuations, the 
current modeling approach is justified. 

The computer code LaGriT (http://lagrit.lanl.gov) was used to create the computational grids. The flow 
and transport simulations were performed with the Finite Element Heat and Mass Transfer code ([FEHM] 
http://fehm.lanl.gov) (Zyvoloski et al. 1996, 054421; Zyvoloski et al. 1997, 070147). FEHM was developed 
by researchers at the Laboratory and is capable of simulating three-dimensional, time-dependent, 
multiphase, non-isothermal flow, and multicomponent reactive groundwater transport through porous and 
fractured media. FEHM has been used in a wide variety of applications. The software is mature, has 
users throughout the world, and has been certified through the Yucca Mountain Project Software Quality 
Assurance Program. FEHM is available to the public and operates under various operating systems 
(Windows, MAC OS X, Linux, etc.). 

The simulations are performed assuming unknown aquifer properties. The grid does not include distinct 
stratigraphic boundaries although they are known to be present within the model domain. Previous 
analyses of water-level responses to water-supply pumping and during the CrEX-1, R-28, and R-42 pump 
tests indicate aquifer materials are heterogeneous potentially at scales less than the size of the individual 
units and no distinct contrasts exist between different units. Therefore, aquifer permeability is simulated 
using geostatistical modeling and the pilot-points method. The pilot points are fixed locations where 
aquifer permeability and storativity are adjusted during the calibration process. The permeability and 
storativity at the pilot points are applied to compute aquifer permeability and storativity within the model 
domain using kriging. The values at the pilot points are adjusted during model calibration to represent 
heterogeneous fields that produce groundwater flow consistent with the observed calibration data. The 
analyses presented below employed 28 pilot points located within and around the area containing the 
chromium plume. The applied set of pilot points cannot be expected to characterize small-scale aquifer 
heterogeneity; it is expected only to define potential large-scale structures that control groundwater flow 
and contaminant transport. No prior information from pumping tests at the monitoring wells is applied to 
define or constrain the aquifer permeability at the pilot points. The three-dimensional kriging is performed 
using the code GSTAT (http://www.gstat.org) to compute permeability values for each node in the model 
domain representing aquifer heterogeneity. 

The modeling results representing a comparison between the calibration targets and obtained model 
drawdowns predictions are shown in Figures A-6.0-2 through A-6.0-17. In general, the model predicts 
with good fidelity the observed drawdowns. Some of the drawdowns during CrEX-1 pumping are matched 
very well, especially at the wells located relatively close to CrEX-1. For example, the calibration targets for 
R-11, R-13, R-44 screen 1, R-45 screen 1, R-50 screen 1, R-50 screen 2, drawdowns are well 
represented by the model. The matches between observations and model predictions for the other 
monitoring well screens need more work. 

The inverse analysis specifically targeted the characterization of the mid- and late-time drawdowns in 
R-50 screens 1 and 2 (Figures A-6.0-15 and A-6.0-16) and these portions of the drawdown curves are 
well predicted by the numerical model. As discussed in section 4 above, the early-time drawdowns in 
R-50 (Figures A-4.0-15 and A-4.0-16) are not well represented because of a potential impact of 
conditions that are not embodied in the current numerical model; the 2015 CrEX-1 pumping record will 
help to better resolve this conceptual uncertainty. Since the hydraulic communication between R-50 and 
CrEX-1 is important for predictions related to the impact of CrEX-1 pumping on the R-50 chromium 
concentrations, the capability of the current model to represent a large portion of the observed drawdown 
curves in R-50 is of great importance. 



Chromium Plume Control IMWP 

A-10 

It is essential to note that the results modeled are based on relatively limited existing data and will be 
significantly enhanced during the upcoming pumping and monitoring period. 

The estimated hydraulic conductivity (lateral and vertical) is shown in Figure A-6.0-18. The inverse model 
analysis accounts for R-28 and CrEX-1 pumping records. The inverse model analysis also takes into 
account the pressure changes observed during municipal water-supply pumping in the nearby 
groundwater production wells. The obtained estimates of the aquifer properties represent a three-
dimensional tomographic image of the aquifer hydraulic conductivity. The figure demonstrates the 
pronounced aquifer heterogeneity, which is an estimate, based only on the pumping drawdowns 
observed in the monitoring wells. It is expected the solution is nonunique and that numerical models with 
alternative conceptualization and model parameters can be obtained that are also consistent with the 
available data. Therefore, the obtained modeling results should not be considered to be the only possible 
solution of the analyzed problem. It is also important to note that these results are preliminary and will 
benefit from additional data collected for the interim measure. Additional modeling work is being 
performed to address these uncertainties and their impact on the selection of potential remediation 
scenarios. 

A-7.0 NUMERICAL MODEL ANALYSIS OF CrEX-1 CAPTURE ZONE 

The estimated hydraulic conductivity field discussed in section A-6.0 (Figure A-6.0-18) is applied to 
estimate the CrEX-1 CZ. To do so, the hydraulic conductivity field is applied in the 2012 numerical model. 
The 2012 model is used because it has been already calibrated to the hydraulic heads in the aquifer in 
the plume area (LANL 2012, 228624). The current model presented in section A-5.0 has not yet been 
calibrated to the hydraulic heads. The current model has been calibrated only against the drawdowns 
caused by site pumping tests and municipal water-supply pumping. The mapping of the new estimates of 
the hydraulic conductivity field on the 2012 model definitely impacts the accuracy in the model predicted 
hydraulic gradients. This is done only to get preliminary estimate of the potential shape of the CrEX-1 CZ 
and the effect of aquifer heterogeneity on model predictions. This is a preliminary analysis. An updated 
model currently being calibrated against hydraulic heads observed to date in the monitoring wells in the 
plume area combined with additional model updates based on future data will give much more 
representative results. 

Preliminary model predictions of the CrEX-1 CZ after 1, 3, and 5 yr of pumping are presented in 
Figure A-7.0-1. The model predictions represent the groundwater flow paths assuming only advective 
flow. However, dispersion processes occurring in the groundwater flow within porous media will impact 
the CZ estimates. The predictions are based on the heterogeneities presented in Figure A-6.0-18. 

The CrEX-1 modeled CZs are shown in Figure A-7.0-1. The model predicts that the CZ extends to the 
west-northwest of the well. This result suggests that long-term CrEX-1 pumping may have beneficial 
impact on the plume concentrations. However, because of aquifer heterogeneity, including a zone of 
relatively low permeability in the R-42 area (Figure A-6.0-18), the long-term CrEX-1 pumping would not be 
expected to significantly affect chromium concentrations in the centroid of the chromium plume. 

Preliminary model predictions in Figure A-7.0-1 represent the groundwater flow paths, assuming only 
advective flow. However, dispersion processes are expected to occur in groundwater flow within porous 
media, and these processes will impact the shape of the CZs. As a result of the dispersion, some of the 
contaminant mass outside the model predicted CZ is expected to be captured as well. However, the 
dispersion may also cause some of contaminant mass within the modeled CZ to escape capture by 
CrEX-1. The CrEX-1 CZ will be also impacted by transients in the regional groundwater flow. Additional 
pumping and injection of groundwater near CrEX-1 will impact the shape of the CrEX-1 CZ as well.  
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These modeling results are preliminary and will be updated as more data are available from the pumping 
and monitoring of pressure responses. The preliminary results demonstrate the potential complexity in the 
aquifer properties and the associated difficulties to estimate the CrEX-1 CZs. The ongoing modeling 
analyses and the upcoming additional data collection activities in 2015 are expected to reduce these 
uncertainties. 

A-8.0 NUMERICAL MODEL ANALYSIS OF PLUME RESPONSE TO THE INTERIM MEASURES 

In this section, the 2012 model is applied to estimate the impact of the proposed interim measures 
activities on the chromium concentrations and plume configuration in the regional aquifer. The 2012 
model is the preferred model for this analysis because it has been successfully calibrated to (1) the 
hydraulic heads and (2) the chromium concentrations in the aquifer in the plume area. However, the 2012 
model is not calibrated to represent the drawdowns observed during the recent R-28 and CrEX-1 
pumping periods. The 2012 model is also not calibrated to represent the 2014 tracer test data. Future 
modeling analyses will use the model update discussed in section 5 that will include all these calibration 
data sets. 

A model prediction of the chromium concentrations in 2016 and 2021 without active pumping is shown in 
Figure A-8.0-1. The model predictions are based on the 2012 model (LANL 2012, 228624). These results 
are presented for a comparison with the modeling results presented below for the case of active 
groundwater pumping and injection. 

Model predictions of the impact of various interim measures scenarios on the chromium concentrations 
are presented in Figure A-8.0-2 and A-8.0-3. The plots are showing model predictions in 2016, 2017, 
2019, and 2021 (after 0, 1, 3 and 5 yr of pumping/injection, respectively). 

In the first case (Figure A-8.0-2), CrEX-1 is pumping for 5 yr at 80 gpm (2016–2021), CrIN-4 and CrIN-5 
are injecting at 40 gpm each for 5 yr (2016–2021). CrIN-4 and CrIN-5 are located east and west of R-50, 
respectively. The model predicts that pumping of CrEX-1 as well as the injection at CrIN-4 and CrIN-5 
provide a very beneficial impact on the contaminant plume, substantially decreasing the contaminant 
concentrations at the downgradient plume edge in the area around R-50. 

In the second case (Figure A-8.0-3), CrEX-1 is pumping for 5 yr at 80 gpm (2016–2021), CrIN-1 and 
CrIN-2 are injecting at 40 gpm each for 5 yr (2016–2021). CrIN-1 and CrIN-2 are located in the area near 
R-45. Note that in this case, the model predicts that pumping at CrEX-1 and injection near R-45 does not 
have as beneficial an impact on the contaminant plume near the Laboratory boundary as in the previous 
case with groundwater injection at CrIN-4 and CrIN-5. However, the model predicts that injection of 
groundwater in CrIN-1 and CrIN-2 has a beneficial impact on the contaminant concentrations in the R-45 
area. 

These model scenarios are also illustrated by the concentration curves for R-45 screen 1 and R-50 
screen 1 presented in Figure A-8.0-4. The figure presents model predictions for the chromium 
concentration in these two well screens under different scenarios. The scenarios are (1) no action; 
(2) CrEX-1 pumping only (at 80 gpm for 5 yr); (3) CrEX-1 pumping and CrIN-4/CrIN-5 injecting (pumping 
regime as defined above); and (4) CrEX-1 pumping and CrIN-1/CrIN-2 injecting (pumping regime as 
defined above). R-45 concentrations are substantially impacted only by the CrIN-1/CrIN-2 injection 
(scenario 4 above). R-50 concentrations are impacted in all pumping/injection scenarios but the most 
favorable impact occurs when CrIN-4/CrIN-5 are injecting (scenario 4 above). 
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Figure A-4.0-1 Observed (black dots in the upper figure) and simulated (red line in the upper 
figure) heads are depicted in the upper figure, and the simulated drawdowns are 
depicted in the lower figure for CrCH-1 

 

Figure A-4.0-2 Observed (black dots in the upper figure) and simulated (red line in the upper 
figure) heads are depicted in the upper figure, and the simulated drawdowns are 
depicted in the lower figure for R-1 
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Figure A-4.0-3 Observed (black dots in the upper figure) and simulated (red line in the upper 
figure) heads are depicted in the upper figure, and the simulated drawdowns are 
depicted in the lower figure for R-11 

 

Figure A-4.0-4 Observed (black dots in the upper figure) and simulated (red line in the upper 
figure) heads are depicted in the upper figure, and the simulated drawdowns are 
depicted in the lower figure for R-13 
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Figure A-4.0-5 Observed (black dots in the upper figure) and simulated (red line in the upper 
figure) heads are depicted in the upper figure, and the simulated drawdowns are 
depicted in the lower figure for R-15 

 

Figure A-4.0-6 Observed (black dots in the upper figure) and simulated (red line in the upper 
figure) heads are depicted in the upper figure, and the simulated drawdowns are 
depicted in the lower figure for R-33 screen 1 
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Figure A-4.0-7 Observed (black dots in the upper figure) and simulated (red line in the upper 
figure) heads are depicted in the upper figure, and the simulated drawdowns are 
depicted in the lower figure for R-35b 

 

Figure A-4.0-8 Observed (black dots in the upper figure) and simulated (red line in the upper 
figure) heads are depicted in the upper figure, and the simulated drawdowns are 
depicted in the lower figure for R-42 
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Figure A-4.0-9 Observed (black dots in the upper figure) and simulated (red line in the upper 
figure) heads are depicted in the upper figure, and the simulated drawdowns are 
depicted in the lower figure for R-43 screen 1 

 

Figure A-4.0-10 Observed (black dots in the upper figure) and simulated (red line in the upper 
figure) heads are depicted in the upper figure, and the simulated drawdowns are 
depicted in the lower figure for R-43 screen 2 
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Figure A-4.0-11 Observed (black dots in the upper figure) and simulated (red line in the upper 
figure) heads are depicted in the upper figure, and the simulated drawdowns are 
depicted in the lower figure for R-44 screen 1 

 

Figure A-4.0-12 Observed (black dots in the upper figure) and simulated (red line in the upper 
figure) heads are depicted in the upper figure, and the simulated drawdowns are 
depicted in the lower figure for R-44 screen 2 
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Figure A-4.0-13 Observed (black dots in the upper figure) and simulated (red line in the upper 
figure) heads are depicted in the upper figure, and the simulated drawdowns are 
depicted in the lower figure for R-45 screen 1 

 

Figure A-4.0-14 Observed (black dots in the upper figure) and simulated (red line in the upper 
figure) heads are depicted in the upper figure, and the simulated drawdowns are 
depicted in the lower figure for R-45 screen 2 
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Figure A-4.0-15 Observed (black dots in the upper figure) and simulated (red line in the upper 
figure) heads are depicted in the upper figure, and the simulated drawdowns are 
depicted in the lower figure for R-50 screen 1 

 

Figure A-4.0-16 Observed (black dots in the upper figure) and simulated (red line in the upper 
figure) heads are depicted in the upper figure, and the simulated drawdowns are 
depicted in the lower figure for R-50 screen 2 
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Figure A-4.0-17 Observed (black dots in the upper figure) and simulated (red line in the upper 
figure) heads are depicted in the upper figure, and the simulated drawdowns are 
depicted in the lower figure for R-61 screen 1 

 

Figure A-4.0-18 Observed (black dots in the upper figure) and simulated (red line in the upper 
figure) heads are depicted in the upper figure, and the simulated drawdowns are 
depicted in the lower figure for R-61 screen 2 
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Figure A-4.0-19 Observed (black dots in the upper figure) and simulated (red line in the upper 
figure) heads are depicted in the upper figure, and the simulated drawdowns are 
depicted in the lower figure for R-62 
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Figure A-5.0-1 Schematic representation of CZ of CrEX-1 assuming only advective steady-state 
groundwater flow through the regional aquifer  
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Notes: The computational grid is structured with local grid refinements near the existing wells. Vertically, the grid has higher 

resolution close to the top of the model and grid spacing increases with depth. The lateral spacing is ~50 × 50 m (~160 × 
160 ft). The vertical spacing varies from about 1 m to 15 m. The grid includes about 540,000 nodes and about 
3,053,000 elements. The coloring represents the different geologic units. The top of the model is constrained by the regional 
water table. 

Figure A-6.0-1 The model domain and the computational grid 
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Figure A-6.0-2 Model calibration targets (black dots) and predictions (red dots) for the 
drawdown at R-1 to pumping at CrEX-1 

 

Figure A-6.0-3 Model calibration targets (black dots) and predictions (red dots) for the 
drawdown at R-11 to pumping at CrEX-1 
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Figure A-6.0-4 Model calibration targets (black dots) and predictions (red dots) for the 
drawdown at R-13 to pumping at CrEX-1 

 

Figure A-6.0-5 Model calibration targets (black dots) and predictions (red dots) for the 
drawdown at R-15 to pumping at CrEX-1 
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Figure A-6.0-6 Model calibration targets (black dots) and predictions (red dots) for the 
drawdown at R-33 #1 to pumping at CrEX-1 

 

Figure A-6.0-7 Model calibration targets (black dots) and predictions (red dots) for the 
drawdown at R-35b to pumping at CrEX-1 
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Figure A-6.0-8 Model calibration targets (black dots) and predictions (red dots) for the 
drawdown at R-42 to pumping at CrEX-1 

 

Figure A-6.0-9 Model calibration targets (black dots) and predictions (red dots) for the 
drawdown at R-43 screen 1 to pumping at CrEX-1 
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Figure A-6.0-10 Model calibration targets (black dots) and predictions (red dots) for the 
drawdown at R-43 screen 2 to pumping at CrEX-1 

 

Figure A-6.0-11 Model calibration targets (black dots) and predictions (red dots) for the 
drawdown at R-44 screen 1 to pumping at CrEX-1 
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Figure A-6.0-12 Model calibration targets (black dots) and predictions (red dots) for the 
drawdown at R-44 screen 2 to pumping at CrEX-1 

 

Figure A-6.0-13 Model calibration targets (black dots) and predictions (red dots) for the 
drawdown at R-45 screen 1 to pumping at CrEX-1 
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Figure A-6.0-14 Model calibration targets (black dots) and predictions (red dots) for the 
drawdown at R-45 screen 2 to pumping at CrEX-1 

 

Figure A-6.0-15 Model calibration targets (black dots) and predictions (red dots) for the 
drawdown at R-50 screen 1 to pumping at CrEX-1 
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Figure A-6.0-16 Model calibration targets (black dots) and predictions (red dots) for the 
drawdown at R-50 screen 2 to pumping at CrEX-1 

 

Figure A-6.0-17 Model calibration targets (black dots) and predictions (red dots) for the 
drawdown at R-62 to pumping at CrEX-1 
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(a) Lateral permeability 

 

(b) Vertical permeability 

 
Notes: The inverse model analysis also takes into account the pressure changes observed from municipal water-supply pumping in 

the nearby groundwater production wells. 

Figure A-6.0-18 Model estimated hydraulic conductivity (lateral and vertical) based on R-28 and 
CrEX-1 pumping tests 
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(a) 1 yr of pumping 

 

(b) 3 yr of pumping 

 
Notes: The CZ accounts only for advective groundwater flow; it does not account for diffusion, dispersion and dual-

porosity effects. Results are preliminary and will be updated with new data from pumping. 

Figure A-7.0-1 Model predictions of the CrEX-1 CZ after 1, 3 and 5 yr of pumping model 
predictions using 2014 model update of the 2012 model (Phase II Sandia 
Investigation Report [LANL 2012, 228624]) accounting for aquifer heterogeneity 
based on R-28 and CrEX-1 pumping tests 
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(c) 5 yr of pumping 

 
Notes: The CZ accounts for only advective groundwater flow; it does not account for diffusion, dispersion, and dual-

porosity effects. Results are preliminary and will be updated with new data from pumping. 

Figure A-7.0-1 (continued) Model predictions of the CrEX-1 CZ after 1, 3, and 5 yr of pumping 
model predictions using 2014 model update of the 2012 model 
(Phase II Sandia Investigation Report [LANL 2012, 228624]) accounting 
for aquifer heterogeneity based on R-28 and CrEX-1 pumping tests 
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Notes: The model predictions are based on the 2012 model (Phase II Sandia Investigation Report [LANL 2012, 228624]). The 
results are preliminary and still a work in progress. 

Figure A-8.0-1 Model predictions of the chromium concentrations at 2016 and 2021 without 
active pumping and injection 
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Notes: The model predictions are based on the 2012 model (Phase II Sandia Investigation Report [LANL 2012, 228624]). The plots 

show model predictions for 2016, 2017, 2019, and 2021 (after 0, 1, 3, and 5 yr of pumping/injection, respectively). The 
results are preliminary. Here CrEX-1 is pumping at 80 gpm for 5 yr (2016–2021), and CrIN-4 and CrIN-5 are injecting for 5 yr 
at 40 gpm each (2016–2021). 

Figure A-8.0-2 Model predictions of the impact of pumping and injection scenarios on the 
chromium concentrations 
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Notes: The model predictions are based on the 2012 model (Phase II Sandia Investigation Report [LANL 2012, 228624]). The plots 

are showing model predictions for 2016, 2017, 2019, and 2021 (after 0, 1, 3, and 5 yr of pumping/injection, respectively). The 
results are preliminary. Here CrEX-1 is pumping at 80 gpm for 5 yr (2016–2021), and CrIN-4 and CrIN-5 are injecting for 5 yr 
at 40 gpm each (2016–2021). 

Figure A-8.0-2 (continued) Model predictions of the impact of pumping and injection scenarios on 
the chromium concentrations 
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Notes: The model predictions are based on the 2012 model (Phase II Sandia Investigation Report [LANL 2012, 228624]). The plots 

are showing model predictions at 2016, 2017, 2019, and 2021 (after 0, 1, 3, and 5 yr of pumping/injection, respectively). The 
results are preliminary. Here CrEX-1 is pumping at 80 gpm for 5 yr (2016–2021), and CrIN-1 and CrIN-2 are injecting for 5 yr 
at 40 gpm each (2016–2021). 

Figure A-8.0-3 Model predictions of the impact of pumping and injection scenarios on the 
chromium concentrations 
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Notes: The model predictions are based on the 2012 model (Phase II Sandia Investigation Report [LANL 2012, 228624]). The plots 

are showing model predictions at 2016, 2017, 2019, and 2021 (after 0, 1, 3, and 5 yr of pumping/injection, respectively). The 
results are preliminary. Here CrEX-1 is pumping at 80 gpm for 5 yr (2016–2021), and CrIN-1 and CrIN-2 are injecting for 5 yr 
at 40 gpm each (2016–2021). 

Figure A-8.0-3 (continued) Model predictions of the impact of pumping and injection scenarios on 
the chromium concentrations 
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Notes: The dashed line represents 50 ppb chromium concentration. R-45 concentrations are substantially impacted only by the 
CrIN-3/CrIN-4 injection (see section A-8.0, scenario 4). R-50 concentrations are impacted in all pumping/injection scenarios 
but the highest impact is when CrIN-1 and CrIN-2 are injecting (scenario 4). 

Figure A-8.0-4 Model predicted chromium concentration curves for R-45 screen 1 and R-50 
screen 1 under different scenarios: (1) no action; (2)  CrEX-1 pumping only; 
(3) CrEX-1 pumping and CrIN-4/CrIN-5 injecting; and (4) CrEX-1 pumping and 
CrIN-1/CrIN-2 injecting 
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Table A-4.0-1 

Summary of the Estimated Effective Aquifer Properties between 

the Pumping (CrEX-1) and Observation Wells during 2014 CrEX-1 Pumping Test 

Screen 
Transmissivity 

(m2/day) 
Storativity 

(−) 

Max 
drawdown 

(m) Comment 

CrCH-1 1700 0.06 0.06 Very limited pressure record 

R-1 na* na >0.01 Difficult to analyze; small drawdown (?) 

R-11 750 0.07 0.057 None 

R-13 820 0.06 0.056 None 

R-15 na na na Potential transducer problems 

R-28 na na na Data gaps; difficult to analyze 

R-33 #1 na na 0.023 Difficult to analyze; small drawdown (?) 

R-33 #2 na na na Difficult to analyze small drawdown (?) 

R-35a na na na Difficult to analyze; small drawdown (?) 

R-35b na na 0.022 Difficult to analyze small drawdown (?) 

R-36 na na na Difficult to analyze; no drawdown (?) 

R-42 820 0.06 0.092 Data gaps; difficult to analyze 

R-43 #1 na na >0.01 Difficult to analyze; small drawdown (?) 

R-43 #2 3100 0.03 0.039 None 

R-44 #1 540 0.1 0.089 None 

R-44 #2 680 0.06 0.097 None 

R-45 #1 780 0.09 0.069 None 

R-45 #2 5200 0.007 0.045 None 

R-50 #1 540 0.2 0.2 None 

R-50 #2 1000 0.01 0.26 None 

R-61 #1 1200 0.1 0.06 None 

R-61 #2 850 0.1 0.069 None 

R-62 4900 0.007 0.034 Data gaps; difficult to analyze 

*na = Not available. 
  



Chromium Plume Control IMWP 

A-44 

 

 

 


