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Abstract 

This investigation was conducted as part of the overall Base Realignment 
and Closure (BRAC) program for the Fort Wingate Depot Activity 
(FWDA). Groundwater protection soil screening levels (SSL) can be calcu-
lated using various approaches including the Dilution Attenuation Factor 
(DAF) as defined in the New Mexico risk guidance documents (NMED, 
2015). The purpose of this task was to estimate the DAF that may be used 
in SSL calculations for protection of the groundwater from potential soil 
contamination. SSL estimates may be utilized during remedial activities. 
The Chloride Mass Balance (CMB) method was used to determine the an-
nual recharge rate for topographically flat areas at the FDWA and used as 
the infiltration rate as justified in the report.  A site-specific DAF of 529 
was calculated for the northern areas at FWDA that are flat and do not col-
lect water.   

 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. Ci-
tation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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Preface 

As part of an environmental investigation at the Fort Wingate Depot Activ-
ity, New Mexico, the U.S. Army Engineer Research and Development Cen-
ter (ERDC), in cooperation with the U.S Army Corps of Engineers, 
Albuquerque District, Fort Worth and Tulsa- Districts, prepared this re-
port.  

The initial data and field information were provided by Mr. David Henry 
from the US Army Corps of Engineers, Albuquerque, New Mexico. The 
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gineer Research and Development Center, Environmental Laboratory 
(ERDC-EL), Vicksburg, Mississippi. At the time of publication, Dorothy 
Tillman was Branch Chief, CEERD-EL-EMB; Warren P. Lorentz was Divi-
sion Chief, CEERD-EPED. The Deputy Director of ERDC-EL was Dr. Jack 
Davis and the Director was Dr. Beth Fleming.  

Colonel Bryan S. Green was the Commander of ERDC, and Dr. Jeffery P. 
Holland was the Director. 
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1 Introduction 

The Fort Wingate Depot Activity (FWDA) is located approximately 7 miles 
east of the city of Gallup, New Mexico (Figure 1).  The US Army Corps of 
Engineers (USACE) conducted this non-permit required, Army initiated, 
data analysis and report to determine the site specific DAF for all COPCs 
at the FWDA where applicable.   

The purpose of this effort was to develop the site-specific Dilation Attenua-
tion Factor (DAF) for the northern areas in FWDA excluding the former 
TNT leaching beds that will be used in soil screening levels (SSLs) calcula-
tion for the protection of potential contamination migration from soil into 
groundwater.   

In regard to the northern areas at FWDA, in October 2014, Army submit-
ted a separate report titled, “TNT leaching bed soil boring test results and 
development of Site-Specific DAF for Fort Wingate Depot Activity”. 
NMED provided comments on that report in their letter dated April 15, 
2015. Based upon the comments received and follow up conversation with 
NMED, the Army developed a new task to separate the TNT leaching beds 
SSL calculation from the other areas in the northern FWDA due to the 
unique disturbed surface characteristics of the TNT beds compared to the 
other northern areas. Army estimated a new groundwater protection SSL 
for the TNT Leaching beds located in Parcel 21 using the Department of 
Defense (DoD) groundwater modeling system (GMS) (Zakikhani, et al. 
2015). Based upon the model results, Army will remove an additional 
20,000 cubic yards of soil around the former TNT leaching beds up to a 
depth of 35 feet where needed. Any remaining issues regarding the former 
TNT leaching beds are being addressed separately in the forthcoming re-
vised TNT Removal Work Plan. 

This report provides the DAF estimation used for developing SSL for the 
reminder of the “flat areas” in the northern FWDA facility excluding the 
TNT leaching beds. The northern FWDA flat areas are those areas that do 
not have visible indications of surface water or disturbed areas.  The Army 
will use these SSL numbers during the remedial activities. 
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These Flat Areas are mainly located in the northern part of the Wingate. In 
general these do not collect water and do not have visible indications of 
surface water or disturbed areas. The areas with outcropping formations 
and disturbed areas such as the former TNT leaching beds (Figure 2 and 
Figure 3) are not part of this study.  Typical field indicators of the presence 
of surface water would include direct evidence such as standing or flowing 
water or indirect evidence such as scouring, water-borne sediment or de-
bris deposits, water staining or visible drainage patterns (USACE-WES, 
1987).  The northern FWDA flat areas are easily identified in the Google 
image titled "overhead" (Figure 2).  Figure 2 and 3 clearly document the 
relatively flat surface elevations in the northern FWDA. 

USACE and ERDC (Zakikhani at el., 2014) calculated the subsurface re-
charge rates for the northern flat areas using the data provided by the 
USGS report (Robertson et al., 2013). The recharge rate was used to de-
velop site-specific Dilution Attenuation Factors (DAF) as described in this 
report.  The former TNT leaching beds are excluded from this calculation 
because the site has been disturbed and the approach used to calculate the 
recharge rate (Zakikhani et al. 2014) cannot be applied to disturbed areas.  
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Figure 1. FWDA location and study site. 
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Figure 2. Map of FDWA flat areas. 

 

Figure 3. Image of FWDA flat areas looking northeast. 
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2 Site-Specific Dilution-Attention-Factor 
(DAF) 

A site-specific DAF is developed to evaluate the potential impacts to 
groundwater from chemical constituents in soil.  A DAF is defined as dilu-
tion-attention-factor (Equation 2; Equation 56, NMED 2015). 

Equation 1. DAF Equation (NMED, 2015). 

 

The site infiltration rate is a critical parameter of the DAF equation.  To 
determine a site-specific DAF, a site-specific annual average infiltration 
rate was estimated for the flat areas in the northern FWDA using the Chlo-
ride Mass Balance (CMB) method.  Appendix A provides a copy of the 
CMB report.   

Groundwater recharge and its spatial distribution are an important part of 
this effort, yet difficult to quantify. This is especially true in arid and semi-
arid environments such as at the FWDA. In 2009, the U.S. Geologic Sur-
vey (USGS) collected subsurface soil samples that were tested for chloride 
concentrations, soil moisture content, and bulk density (Robertson et al., 
2013).  The majority of subsurface soil is fine-grained and were classified 
as silty clay. These data were used to estimate the rate of recharge to 
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groundwater using the CMB method.  The CMB method is a well-estab-
lished method for estimating recharge rates in arid and semi-arid environ-
ments.  ERDC and USACE used the USGS data to estimate an average 
annual recharge rate for flat areas at FWDA (Zakikhani et al., 2014; Ap-
pendix A).  In general, arid and semi-arid environments potentially have 
higher annually averaged evapotranspiration rates than precipitation 
rates, which is evident at FWDA (Zakikhani et al., 2014).  Based on the 
CMB method, an estimate of a site-specific recharge rate through the un-
saturated zone, where the land surface is flat was calculated. The recharge 
rate for flat areas is estimated at approximately 0.0178 millimeters/year 
(mm/yr.) or 1.778E-05 meters/year (m/yr.).   

A portion of the water that falls as rain and snow and infiltrates into the 
subsurface soil and rock is defined as the infiltration rate (used in DAF 
Equation). Some water that infiltrates may remain in the shallow soil 
layer, where it will gradually move vertically and horizontally through the 
soil and subsurface material. All or some of the water may infiltrate 
deeper, recharging groundwater aquifers, which may be quantified by re-
charge rate.  

The DAF equation (Equations 1 and 3) uses the infiltration rate (I). How-
ever, the CMB provides the recharge rate. We are assuming the difference 
between the infiltration rate and the recharge rate for the FWDA site is 
negligible. For the purpose of this report, we used the recharge rate cited 
in the CMB report as the infiltration rate in DAF equation.  

2.1 Estimation of SSL and DAF for FWDA flat areas 

Groundwater protection soil screening levels (SSL) can be calculated using 
various approaches including the Dilution Attenuation Factor (DAF) as de-
fined in the New Mexico risk guidance documents (NMED, 2015). The 
DAF formulation provided in Equation 1 (NMED 2015, Equation 56) re-
quired some site-specific input parameters as described below.  

The site-specific input parameters used in DAF calculation for FWDA flat 
areas are given as: 
 
K = 0.0225 meters/day (m/d) = 8.2125 m/yr. (hydraulic conductivity for 
silty clay soil that represents common soil at the site) 
 
i  = 0.014377 (Hydraulic gradient) (calculated (Equation 2) based on the 
site groundwater monitoring contour map and GW elevation data; 
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groundwater elevation drops 25 feet (6670-6645) over 1739 ft. distance 
(530 meters) ; GW Elevations: 6670 and 6645 ft.) 
 

𝐢𝐢 = (𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔−𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔)
𝟏𝟏𝟔𝟔𝟏𝟏𝟏𝟏

= 𝟔𝟔.𝟔𝟔𝟏𝟏𝟔𝟔𝟏𝟏𝟔𝟔     (2) 

I = 1.78E-05 m/yr. (infiltration rate, based on the USGS chloride work; Appendix 
A; Zakikhani, et al. 2014) 
 
L = 115 m (source length parallel to groundwater flow, measured in Google Earth 
- length of a site in FWDA flat areas that was used for DAF calculation) 
 
Da = 9.114 m (mixing zone depth, about 30 ft. (9.114 m) from the water table to 
the basal confining unit) 
 
D(m) = 9.114 m (aquifer thickness, calculated D as the formulation provided in 
Equation 1 as 12.187 m; according to DAF rules (NMED, 2015), because D>Da, 
value of Da should be used for D in DAF Equation) 
 
Substituting all the above parameters in Equation 1 for DAF: 

𝑫𝑫𝑫𝑫𝑫𝑫 = 𝟏𝟏 + �𝑲𝑲×𝒊𝒊×𝑫𝑫
𝑰𝑰×𝑳𝑳

� = 𝟔𝟔𝟓𝟓𝟏𝟏.𝟔𝟔𝟏𝟏         (3) 

Therefore, the resulting site-specific DAF is 529.03. Equation 4 (NMED 
2015; Equation 54) below can be used to calculate site-specific screening 
levels (SSLs) for the protection of groundwater based on the site-specific 
DAF of 529.03.  Equation 4 requires a target soil leachate concentration 
(Cw in mg/L) for each constituent being evaluated.  Cw is equal to the 
chemical constituent tap water SSL (NMED, 2015, Table A-1) multiplied 
by the site-specific DAF of 529.03 (Equation 3).  The Cw then may be used 
to calculate the site-specific SSL for the protection of groundwater using 
Equation 4 below.  
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Equation 4. Generic SSL for Groundwater protection (NMED, 2015). 

 
   Source – NMED 2015 
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3 Summary  

The CMB method was used to determine the annual recharge rate for 
topographically flat areas in the northern FWDA, which excludes the for-
mer TNT leaching beds because of its disturbed and unique surface char-
acteristics. The recharge rate used as the infiltration rate in the DAF 
equation to calculate a conservative DAF number as justified in the report.  
A site-specific DAF of 529 was calculated for the northern FWDA areas ex-
cluding the areas that are not flat, or disturbed and do collect waters. The 
flat areas includes the most part of the northern FWDA excluding the for-
mer TNT leaching beds. Army estimated a new groundwater protection 
SSL for the TNT Leaching beds located in Parcel 21 using the DOD 
groundwater modeling system (GMS) (Zakikhani, et al. 2015). Based upon 
the model results, Army will remove an additional 20,000 cubic yards of 
soil around the former TNT leaching beds up to a depth of 35 feet where 
needed. The northern FWDA flat areas are those areas that do not have 
visible indications of surface water or disturbed areas.  Typical field indica-
tors of the presence of surface water would include direct evidence such as 
standing or flowing water or indirect evidence such as scouring, water-
borne sediment or debris deposits, water staining or visible drainage pat-
terns (USACE-WES, 1987).  Using this site-specific DAF of 529, the site-
specific screening levels (SSLs) for groundwater protection can be calcu-
lated.   
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Appendix A: Estimation of Recharge Rates 
Using Chloride Mass Balance 
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Abstract 

This study was conducted as part of an environmental investigation at Fort 

Wingate Depot Activity, New Mexico to better understand the mechanisms 

of groundwater recharge and to estimate the recharge rates to the alluvial 

aquifer underlying the study area. The purpose of this study was to esti-

mate groundwater recharge using two approaches: (1) chloride mass bal-

ance in groundwater, and (2) chloride mass balance in the unsaturated 

zone. The average concentration of meteoric chloride in precipitation was 

calculated from data records at the Cuba, Bandelier, Painted Desert, Mesa 

Verde and Canyon lands National Atmospheric Deposition Program 

(NADP) sites over their respective periods of record. The average chloride 

wet deposition concentration in the annual precipitation was determined 

to be 0.11 mg/L.  The 2009 chloride concentrations in groundwater sam-

ples were collected from wells along the TNT flow path and the FUH flow 

path.  The recharge rate calculated using data from well along the TNT 

flow path was between 0.012 and 0.015 inches per year, with an average of 

0.013 in/yr. The recharge rates from wells along the FUH flow path vary 

from 0.025 to 0.045 inches per year, with an average of 0.033 in/yr. Data 

from the unsaturated zone were used to graphically identify three rates of 

recharge for the unsaturated zone.  The first estimate of recharge was of 

0.0007 inches per year, the second estimate was 0.0022 inches per year, 

and the third estimate was 0.0081 inches per year. 
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slugs 14.59390 kilograms 

square feet 0.09290304 square meters 

square inches 6.4516 E-04 square meters 
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1 Introduction 

1.1 Background and purpose 

As part of an environmental investigation at Fort Wingate Depot Activity, 

New Mexico, the U.S. Army Engineer Research and Development Center 

(ERDC), in cooperation with the U.S. Army Corps of Engineers, Albuquer-

que District, and the U.S. Geological Survey, conducted this study to better 

understand groundwater recharge that is needed for characterizing the 

groundwater flow paths and the fate and transport of constituents of con-

cern in the alluvial aquifer underlying the study area. The fine-grained na-

ture of the alluvial matrix creates a highly heterogeneous environment, 

which adds to the difficulty of characterizing the flow of groundwater and 

the fate of aqueous constituents of concern.  

Fort Wingate Depot Activity (hereafter referred to as the Depot) in north-

western New Mexico occupies approximately 24 square miles in McKinley 

County (Figure 1). It is located about 7 miles east of Gallup, New Mexico. 

The Depot is contained within a small basin defined by the Zuni Moun-

tains to the south and east, the Nutria Monocline to the west, and the 

South Fork of the Puerco River Valley to the north. Elevations range from 

about 6,700 feet along the Puerco River to near 8,000 feet in the Zuni 

Mountains in the southern part of the Depot. The majority of Depot activi-

ties took place on the Quaternary alluvial fill valleys and on the moderately 

incised dip slopes of the Late Triassic Painted Desert Member of the Petri-

fied Forest Formation. 



ERDC/GSL TR-14-DRAFT 2 

Figure 1. Location of Fort Wingate Depot Activity, New Mexico. 

 
Source: USGS-File Report 2013-5098:  Geochemical Evidence of Groundwater Flow Paths and the Fate and 
Transport of Constituents of Concern in the Alluvial Aquifer at Fort Wingate Depot Activity, New Mexico, 2009 

Understanding the recharge mechanisms and quantifying groundwater 

recharge is important for developing strategies to optimally manage 

groundwater resources and to assess the fate and transport of constituents 

at the site. Previous work at the site identified groundwater flow paths 
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originating from four areas of groundwater recharge to the study area. The 

flow paths were identified based on groundwater elevations, hydrogeologic 

characteristics, and geochemical and isotopic evidence (Robertson et al., 

2013). One source of recharge enters the study area from the saturated al-

luvial deposits underlying the South Fork of the Puerco River to the north 

of the study area. A second source of recharge was shown to originate from 

a leaky cistern containing production water from the San Andres-Glorieta 

aquifer (this cistern was decommissioned in 2012). The other two sources 

of recharge are reported to enter the study area from the south: one from 

the Fenced-Up Horse (FUH) Canyon, an arroyo valley draining an area to 

the south, and referred to as FUH flow path, and one from hill-front re-

charge that passes under the reported release of perchlorate and explosive 

constituents, referred to as the Trinitrotoluene (TNT) flow path. Addition-

al information related to various flow paths on the Post can be found in the 

U.S. Geological Survey Scientific Investigation Report, titled Geochemical 

evidence of groundwater flow paths and the fate and transport of con-

stituents of concern in the alluvial aquifer at Fort Wingate Depot Activi-

ty, New Mexico, 2009 (Robertson et al., 2013). 

The purpose of this study was to investigate the mechanism of recharge to 

the shallow aquifer and to estimate the amount of groundwater recharge 

using a tracer-based approach. The chloride mass balance estimation was 

performed with chloride concentrations in the (1) groundwater, and (2) 

the soil water of the unsaturated zone. Chloride concentrations in ground-

water samples were used to estimate disperse recharge rates to a portion 

of the aquifer at a given groundwater flow path. The chloride mass balance 

approach was also applied to the unsaturated zone to provide point re-

charge estimates in different land use settings and confirm the conceptual 

model of focused recharge of precipitation. Recharge occurred from the 

surface of flat areas through the unsaturated zone and into the groundwa-

ter.  The prevailing hypothesis is that nearly all recharge on the post occurs 

through streams (the Rio Puerco), arroyos (such as the FUH path way) 

and areas, where bedrock outcrops. 

This report describes the techniques used to measure and calculate re-

charge rates both in groundwater, along the FUH (arroyo) and TNT flow 

paths (bedrock outcrop), and the unsaturated zone (flat areas on the Post). 

The results are accurate within the limitations of assumptions used.  
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2 Study Methods 

2.1 Recharge 

Recharge is defined as the addition of water to an aquifer, generally from 

precipitation that infiltrates downward through the subsurface. Direct re-

charge is the infiltration of precipitation directly from the unsaturated 

zone to the saturated zone over most of the areal extent of the aquifer 

(Anderholm et al., 1994). However, in many arid and semi-arid environ-

ments where the thickness of the unsaturated zone is large, much of the 

precipitation does not reach the water table. In these settings recharge to 

the aquifer may be limited to focused recharge, where recharge may occur 

only under surface depressions (e.g. Lake Knudson) or channels (the FUH 

flow path and Rio Puerco) that accumulate and pond water, or along the 

contact of outcropping bedrock such as noted for TNT flow path. 

2.2 Meteoric chloride 

Ambient chloride is continuously deposited on the land surface from the 

atmosphere, both dissolved in precipitation and dry fallout. This meteoric 

chloride then moves into the soil profile along with infiltrating precipita-

tion. The chloride is retained in soil when the water is abstracted by evapo-

ration or transpiration.  The chloride mass balance then can be used to 

estimate recharge (residual moisture flux).  

2.3 Groundwater chloride mass balance (CMB) 

Chloride concentrations in groundwater or in unsaturated zone pore water 

may be used to estimate recharge (Murphy  et al., 1996). This technique is 

based on the use of environmental tracers and has been described as the 

most successful method for estimating recharge in arid regions (Allison, 

1988  and Allison et al. 1994). The estimates obtained by this method ac-

curately describe moisture flux that occurs below the root zone.  The as-

sumptions made for this estimate are (1) the chloride in the groundwater 

or unsaturated zone originates from precipitation, (2) chloride is conserva-

tive in the system, and (3) the chloride-mass flux has not changed over 

time (Wood, 1999). The chloride mass balance approach can be applied to 

chloride concentrations in groundwater using the following formulation: 
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𝑸 = 𝑷(
[𝑪𝒍𝒑]

[𝑪𝒍𝒈𝒘]
)            (1) 

where Q is the recharge (in/yr), P is the average annual precipitation rate 

(in/yr), [Clp] is the average concentration of meteoric chloride in precipita-

tion (mg/L), and [Clgw] is the chloride concentrations (mg/L) in ground-

water samples collected from the wells along the TNT flow path and wells 

along the FUH flow path. Wells and flow paths are shown in Figure 2. 

Figure 2. Location of alluvial wells on the Depot and their associated flow paths. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source: USGS-File Report 2013-5098:  Geochemical Evidence of Groundwater Flow Paths and the Fate and Transport of Con-
stituents of Concern in the Alluvial Aquifer at Fort Wingate Depot Activity, New Mexico, 2009 
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The average concentration of meteoric chloride in precipitation, [Clp] was 

calculated from data records at several gauge stations located in different 

states. These include the Cuba, NM, Bandelier, NM, Painted Desert, AZ, 

Mesa Verde, CO, and Canyonlands, UT, National Atmospheric Deposition 

Program (NADP) sites over their respective periods of record (National 

Atmospheric Deposition Program, 2014). The average chloride wet deposi-

tion concentration in the annual precipitation was determined to be 0.11 

mg/L.  

Due to the controversy surrounding its measurement, dry deposition is not 

reported at NADP sites and is no longer measured. Dry deposition contri-

bution to the total chloride deposition is often estimated or not addressed. 

For this study, the dry component estimate of the chloride deposition was 

chosen based on an analysis by Sterling (2000). In that work, the dry frac-

tion ranged between 30 to 50 percent of the total chloride deposition for 

Northwest New Mexico. The dry deposition was estimated to be 67% of the 

calculated wet deposition (equivalent to 40% of the total). 

2.4 Unsaturated zone chloride mass balance 

To further investigate the mechanism of recharge, the chloride mass bal-

ance approach was extended to the unsaturated zone by determining the 

chloride concentrations of pore water from two soil cores; one core was 

collected from a relatively flat area that has no observable features of run-

off and the other collected from an area that is designed to collect and di-

vert water. The conceptual model suggests that the recharge occurs in 

surface features that collect water. Recharge from direct precipitation on 

the land surface that are not collecting water, in this conceptual model, as-

sumed to be negligible. The extension of this model is that there should be 

a large difference in chloride concentrations of the pore water in the un-

saturated zone underlying a topographic flat site and in the soils underly-

ing a surficial depression or other hydrologic surface feature. Other 

assumptions used in the model were that dispersion and preferential va-

dose zone fluxes are negligible. No large fissures, root tubes, or animal 

burrows were observed that would indicate preferential flow. Phillips 

(1994) provides evidence that these two assumptions are generally valid in 

the southwest.  

The estimated recharge rate at a point in the unsaturated zone uses the 

same fundamental relationship as Equation 1. 
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𝑸 = 𝑷(
[𝑪𝒍𝒑]

[𝑪𝒍𝒔𝒘]
)          (2) 

where [Clsw] represents the chloride concentration in the soil water (pore 

water) of the unsaturated zone (mg/L). The other variables are as defined 

in Equation 1. This approach assumes that no chloride has been added or 

removed from the site through surface water flows.  

2.5 Field methods 

Groundwater samples were collected in October 2009.  A summary of the 

collection techniques and data validation can be found in the Fort Wingate 

geochemical report by Robertson et al. (2013). 

Soil samples for pore water chloride concentration measurements were 

obtained through the use of direct push technologies (DPT). Samples were 

collected from two locations; one site was topographically flat with no evi-

dence of surface water features, while the second site was located in a 

small depression in a ditch designed to collect and divert water.  Soil cores 

were collected in 1.75 inch diameter polyethylene sleeves inside the 5 foot 

steel core-sampler. Samples were taken from the cores at 1 ft intervals 

from land surface to a depth of 40 ft below land surface (bls), then at 2 ft 

intervals until soil saturation, where recovery allowed.  

The desired depths were extracted from the core-tubes by cutting out 3.5 

inch long sections. The length of the section was measured and the soil 

was transferred to a pre-weighed sample jar. The sample weight was de-

termined by calculating the difference between the jar weight and the total 

weight with a scale that has a reported accuracy of 0.01g. The scale was 

calibrated daily using 200g reference weights. Bulk density was deter-

mined by dividing the weight of the sample by the computed volume (the 

product of the measured length and area, which was calculated from the 

reported inner diameter of the core tubes). 

Soil samples were sent to the USGS contract laboratory for gravimetric 

percent moisture analysis using American Society for Testing and Materi-

als (ASTM) method D2216-90. Water-soluble anions leached from these 

samples were analyzed using U.S. Environmental Protection Agency (EPA) 

method SW846 9056.  The results of the anion analysis are reported as 

mg/kg on a dry weight basis. No field duplicates were collected at the site, 

but 2 MS/MSD and laboratory split samples were performed for each site. 
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2.6 Analysis Methods 

To calculate the volumetric moisture content of the soil sample, the per-

cent mass moisture were converted to percent volume moisture using the 

bulk density calculated for each sample and the density of water by the fol-

lowing equation: 

𝜽 = 𝒖(𝝆𝒔/𝝆𝒘)    (3) 

where θ is the volumetric soil moisture in cubic centimeters per cubic cen-

timeter, u is the gravimetric soil moisture in grams per grams, ρs is the 

bulk density of the sample in grams per cubic centimeter, and ρw is the 

density of water in grams per cubic centimeter (assumed to be 1 for this 

study).  

The measured bulk density of the soil samples ranged from 1.2 to 2.4 

g/cm3, and the mean (and median) bulk density was calculated to be 1.8 

g/cm3. The percent moisture of the samples ranged from 2 to 21 % with an 

average of about 8%. The average annual wet chloride deposition rate 

computed for the site was determined to be 55.5 mg/m2/yr. This rate is 

less than the values reported by Phillips (1994) (75 to 150) for sites in Ne-

vada, Arizona, New Mexico, and Texas. 

The concentration of the chloride in the soil water of the sample is calcu-

lated from the measured dry weight concentration of chloride in the sam-

ple as: 

[𝑪𝒍𝒔𝒘] = [𝑪𝒍𝒔𝒂𝒎𝒑𝒍𝒆] (
𝝆𝒘
𝒖
)          (4) 

where [Cl sw] is the chloride concentration in the soil water (mg/L),           

[Cl sample] is the dry weight concentration of chloride in the sample 

(mg/kg), u is the gravimetric soil moisture (g/g), and ρw is the density of 

water (g/mL) (assumed to be 1 for this study). 

The time that is required to accumulate the mass of chloride (sum of chlo-

ride mass above specified depth), at a given annual rate of precipitation 

and chloride deposition, can be calculated using the following equation: 

𝑻 = 𝑴𝑪𝒍/(𝑷[𝑪𝒍𝑷])                  (5) 

where T (years) is the time required to accumulate the mass of chloride 

above a certain depth, MCl ( g/m2) is the mass of chloride summed over the 
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depth interval, P (L/m2/yr) is the average annual precipitation rate, [Clp] 

(g/L) is the average concentration of meteoric chloride in precipitation.  
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3 Results 

Recharge in arid and semiarid regions is generally extremely low, typically 

ranging from 2 to 4% of average precipitation and often is focused in pla-

yas, arroyos basins and topographic depressions (Wood, 1999). Evapora-

tion/evapotranspiration typically exceeds average precipitation.  

This is in part due to the fact that the xeric plants and vegetation are ex-

tremely efficient at removing water from the soil. The plant community 

has been suggested to control the moisture regimes in these environments 

(Phillips, 1994). Figure 3 shows photo of roots exposed in a 20 foot arroyo 

wall. 

Figure 3. Photo of roots exposed in 20 foot arroyo wall. 

 

3.1 Groundwater chloride mass balance  

The 2009 chloride concentrations were measured in groundwater samples 

collected from wells along the FUH and TNT flow paths (Figure 2). Sam-

ples collected from wells along the TNT flow path (Figure 2) contained 
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chloride concentrations ranging from 150 to 180 mg/L with an average 

concentration of 167 mg/L. The recharge calculated by Equation 1 is be-

tween 0.012 and 0.015 inches per year, with an average of 0.013 in/yr. 

Samples collected from wells along the FUH flow path (Figure 2) con-

tained chloride concentrations ranging between 49 to 86 mg/L with an av-

erage concentration of 66 mg/L indicating more variability in recharge 

than the TNT flow path. This result is expected with multiple drainages 

crossing the surface. The calculated recharge rates from FUH flow path 

wells vary from 0.025 to 0.045 inches per year, with an average of 0.033 

in/yr. It is also reasonable that the recharge would be higher in the con-

tributing area of FUH flow path than the contributing area of the TNT flow 

path given the larger number of surficial features that would collect and 

retain water and the existence of an ephemeral arroyo. The estimate for 

the FUH flow path should be used with caution as the presence of the 

Fenced-Up Horse arroyo may violate the assumption of chloride being 

transported by the stream biasing the estimate high. Estimates of recharge 

from wells along the San Andres-Glorieta (SAG) and Puerco River (Figure 

2) flow paths are not considered due the violations of assumptions used in 

the CMB recharge calculations. Table 1 provides summary of groundwater 

chloride estimates and the recharge rates. 

Table 1. Summary of estimated chloride concentration and recharge rates in the 

groundwater. 

Precipitation 

Rate (in/yr) 

Total [Clp]  
(mg/L)  

Groundwater 

Well 
Stats for [Clgw] 

[Clgw] 

(mg/L) 

Stats for 

Recharge 
Q (in/yr) 

11.9* 

 

0.1837# 

TNT Well 

Average  167 Average 0.013 

Minimum  150 Maximum 0.015 

Maximum  180 Minimum 0.012 

FUH Well 

Average  66 Average 0.033 

Minimum  49 Maximum 0.045 

Maximum  86 Minimum 0.025 

*Average Annual Precipitation rate (P) at Depot (1940-1966)  

# Total [Clp]  = Wet deposition rate + Dry deposition rate = Wet + (67/100)*Wet 

3.2 Unsaturated zone chloride mass balance 

The chloride mass balance method was used to estimate recharge from soil 

samples collected from the unsaturated zone. The chloride concentrations 

in the soil samples from Boring 1 show a characteristic of arid and semi-

arid “chloride bulge” delineating the active root zone (Figure 4) (Phillips, 

1994). The soil water chloride concentrations rise rapidly to 4363.6 mg/L 

at 14 ft below ground surface (bgs) and fall nearly as fast to a range of 

about 150 to 300 mg/L below 30 feet. Thirty-eight soil samples were col-



ERDC/GSL TR-14-DRAFT 12 

lected from Boring 2. Twenty-two of these samples had dry weight chlo-

ride concentrations below the detection limit of 2.2 mg/kg. All of the 

measured chloride soil concentrations in Boring 2 were below the report-

ing limit (Figure 4). 

Figure 4. Chloride soil water concentrations in two borings to groundwater as a 

function of depth below ground surface. 

 
 

The cumulative chloride mass per square meter (g/m2) in samples from 

Boring 1 is plotted as a function of cumulative water volume per square 

meter (m3/m2) (Figure 5).  According to Allison (1985) this graph can be 

used to remove the effect of variations in water content in the soil profile. 

The slopes of the graphs (referred to as traces in this report) are used to 

determine graphically the intervals of differing recharge rates (Phillips, 

1994). A graph of the cumulative chloride and water content for Boring 2 

was not generated due the large number of non-detects data in the data. 

The lack of chloride in the Boring 2 suggests that water is able to move 

through the unsaturated zone to the aquifer, carrying the meteoric chlo-

ride with it.  
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Figure 5. Plot of cumulative chloride versus cumulative water in the soil profile of 

Boring 1 (Equations represent least squares analysis on observable straight line 

segments and the associated R2  fit).  

 

The soil water in the unsaturated zone, [Clsw], is determined at each trace 

as the inverse of the slope (slope of lines in Figure 5). The data from the 

first 7 feet of the soil profile is ignored because much of the water will be 

subsequently used by vegetation (Allison, 1985).  The straight line seg-

ments represent a consistent recharge rate over a period of time. The 1st 

trace represents the shallower depths and the most recent deposition envi-

ronment.  The estimated recharge rate calculated from the 1st trace (upper 

part of the soil profile) is 0.0007 inches per year (0.0179 millimeters per 

year). The chloride mass per square meter at the 18 ft bgs is 854 g/m2, 

which corresponds to about 15,400 years of deposition at current precipi-

tation and chloride deposition rates. The 2nd trace has an estimated re-

charge rate of 0.0022 inches per year (0.0559 millimeter per year) and the 

total chloride mass from the surface to 28 ft bgs summed to 1,128 g/m2, 

which corresponds to about 20,300 years of accumulation. The recharge 

rate for the 3rd trace is calculated to be 0.0081 inches per year (0.2057 mil-

limeter per year) going beyond 25,500 years. Table 2 provides a summary 

of the estimated recharge rates for unsaturated zone. 
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Table 2. Summary of estimated chloride concentration and recharge rates in the 

unsaturated zone. 

Total [Clp]  (mg/L) [Clsw] (mg/L)  Precipitation (in/yr) Q (in/yr) Q (mm/yr) 

0.1837 3333.33 11.9 0.0007 0.0179 

0.1837 1000.00 11.9 0.0022 0.0559 

0.1837 270.27 11.9 0.0081 0.2057 

The estimated recharge rate calculated from chloride concentrations in 

soil samples from Boring 1 indicate a rate reduction of approximately 30% 

at the depth climatic epoch change from the Pleistocene to the Holocene 

about 15,000 years ago. This inflection point is similar to inflection points 

observed in plots of cumulative chloride versus cumulative water reported 

by Phillips (1994) for six sites in the southwest U.S. A similar change in 

recharge rates at the site occurs between the 3rd and 2nd trace at around 

20,300 years before present. This estimated recharge record corresponds 

to the last glacial maximum (Clark et al., 2009). For the fate and transport 

calculations, the recharge rate of 0.0007 in/yr (0.0179 mm/yr) has been 

recommended. 
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4 Summary and Conclusion 

As part of an environmental investigation at Fort Wingate Depot Activity, 

New Mexico, this study was conducted to better understand the mecha-

nisms of groundwater recharge and to estimate the recharge rates to the 

alluvial aquifer underlying the study area.  

Fort Wingate Depot Activity in northwestern New Mexico occupies ap-

proximately 24 square miles in McKinley County. It is located about 6 

miles east of Gallup, New Mexico, where there is a station to measure pre-

cipitation.  The majority of Depot activities took place on the Quaternary 

alluvial fill valleys and on the moderately incised dip slopes of the Late 

Triassic Painted Desert Member of the Petrified Forest Formation. 

Chloride concentrations in groundwater and in unsaturated zone pore wa-

ter were used to assess recharge mechanisms and estimate recharge rates. 

The technique is based on the use of environmental tracers and has been 

the most successful method for estimating recharge in arid regions. The 

estimates obtained by this method describe moisture flux that occurs be-

low the root zone.   

The average concentration of meteoric chloride in precipitation was calcu-

lated from data records at the Cuba, Bandelier, Painted Desert, Mesa 

Verde, in the state of New Mexico and Canyon lands National Atmospheric 

Deposition Program (NADP) sites over their respective periods of record. 

The average chloride wet deposition concentration in the annual precipita-

tion was determined to be 0.11 mg/L.  

Due to the controversy surrounding its measurement, dry deposition is not 

reported at NADP sites and is no longer measured. Dry deposition contri-

bution to the total chloride deposition is often estimated or not addressed.  

The dry deposition for this study was estimated to be 67% of the calculated 

wet deposition (equivalent to 40% of the total). The sum of the wet deposi-

tion and the estimated dry deposition result in a chloride concentration in 

annual precipitation to be 0.18 mg/L. 
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The 2009 chloride concentrations in groundwater samples collected from 

wells along the TNT flow path contained a chloride concentration ranging 

from 150 to 180 mg/L with an average concentration of 167 mg/L. The re-

charge calculated by Equation 1 is between 0.012 and 0.015 inches per 

year, with an average of 0.013 in/yr. The chloride concentrations in 

groundwater samples also collected from wells along the FUH flow path 

contained a chloride concentrations ranging between 49 to 86 mg/L with 

an average concentration of 65.80 mg/L indicating more variability in re-

charge than the calculated recharge from the TNT flow path. This result is 

expected with multiple drainages crossing the surface. The recharge rates 

from FUH flow path vary from 0.025 to 0.045 inches per year, with an av-

erage of 0.033 in/yr. It is also reasonable that the recharge would be high-

er in the contributing area of FUH flow path than the contributing area of 

the TNT flow path given the larger number of surficial features that would 

pond water and the existence of an ephemeral arroyo. The estimate for the 

FUH flow path should be used with caution as the presence of the Fenced-

Up Horse arroyo may violate the assumption of chloride being transported 

by the stream biasing the estimate high. Estimates of recharge from the 

San Andres-Glorieta (SAG) and Puerco River wells flow paths are not con-

sidered due the violations of assumptions used in the CMB recharge calcu-

lations.  

The chloride mass balance approach was extended to unsaturated zone by 

determining the chloride concentrations of pore water from two soil cores; 

one core was collected from an area that has no observable features of 

runoff and the other collected from an area that is designed to collect and 

divert water. The conceptual model for the unsaturated zone suggests that 

the recharge occurs in surface areas that collect water. Conversely, areas 

where the surface topography is flat, there is substantially less recharge to 

the unsaturated zone.  

 The chloride concentrations in the soil samples from Boring 1 show a 

characteristic of arid and semi-arid “chloride bulge” delineating the active 

root zone. The soil water chloride concentrations rise rapidly to 4363.6 

mg/L at 14 ft below ground surface (bgs) and fall nearly as fast to a range 

of about 150 to 300 mg/L below 30 feet. Thirty-eight soil samples were 

collected from Boring 2. Twenty-two of these samples had dry weight chlo-

ride concentrations below the detection limit of 2.2 mg/kg. All of the cal-

culated chloride soil water concentrations were below the reporting limit. 
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The graph of cumulative chloride mass as a function of cumulative water 

volume was used to calculate recharge rates in the unsaturated zone. The 

data points were used in a statistical calculation to create three straight 

line segments representing a consistent recharge rate over a period of 

time. The 1st trace (graphic line) represents the most recent deposition en-

vironment and corresponds to an estimated recharge rate of 0.0007 inches 

per year (0.0179 millimeter per year). The chloride mass per square meter 

at the 18 ft bgs is 854 g/m2, which corresponds to about 15,400 years of 

deposition at current rates. The 2nd trace has an estimated recharge rate of 

0.0022 inches per year (0.0559 millimeters per year) and the total chlo-

ride from surface to 28 ft bgs is 1,128 g/m2, which corresponds to about 

20,300 years. The recharge rate for the 3rd trace is calculated to be 0.0081 

inches per year (0.2057 millimeters per year) going beyond 25,500 years. 

The estimated recharge rate using the CMB analysis is very low, ranging 

from 0.0007 to 0.0081 in/yr (0.0179 to 0.2057 mm/yr). The USACE Al-

buquerque District and ERDC has recommended 0.0007 in/yr (0.0179 

mm/yr) to be used for other parts of the studies at the Post. 

 

 



ERDC/GSL TR-14-DRAFT 18 

References 

Allison, G., 1985. Recharge in karst and dune elements of a semi-arid landscape as 
indicated by natural isotopes and chloride: Journal of hydrology (Amsterdam), 
Vol. 76, No. , p. 1. 

 
Allison, G.B., 1988. A review of some of the physical, chemical and isotopic techniques 

available for estimating groundwater recharge: NATO ASI Ser., Ser. C, p. 49-72. 
 
Allison, G. B., G. W. Gee, and S. W. Tyler, 1994. Vadose-zone techniques for estimating 

groundwater recharge in arid and semiarid regions: Soil Science Society of 
America journal, Vol. 58, No. 1, p. 6-14. 

 
Anderholm, S. K., 1994, Ground-water recharge near Santa Fe, north-central New 

Mexico: U.S. Geological Survey Water Resources Investigation Report 94-4078, 
68 p. 

 
Clark, Peter U.; Dyke, Arthur S.; Shakun, Jeremy D.; Carlson, Anders E.; Clark, Jorie; 

Wohlfarth, Barbara; Mitrovica, Jerry X.; Hostetler, Steven W. and McCabe, A. 
Marshall, 2009. The Last Glacial Maximum: Science 325 (5941): 710–4. 

 
Murphy, E., Ginn, T.R., and Phillips, J.L., 1996. Geochemical estimates of paleorecharge 

in the Pasco Basin; evaluation of the chloride mass balance technique: Water 
resources research, Vol. 32, No. 9, p. 2853. 

 
National Atmospheric Deposition Program, 2014.  National Trends Network, accessed on 

Jun. 30, 2014 at http://nadp.sws.uiuc.edu/NTN/. 
 
Phillips, F., 1994. Environmental tracers for water movement in desert soils of the 

American Southwest: Soil Science Society of America journal, Vol. 58, No. 1, p. 
15. 

 
Robertson, A.J., Henry, D.W., and Langman, J.B., 2013. Geochemical evidence of 

groundwater flow paths and the fate and transport of constituents of concern in 
the alluvial aquifer at Fort Wingate Depot Activity, New Mexico, 2009: U.S. 
Geological Survey Scientific Investigations Report 2013–5098, 89 p., 
http://pubs.usgs.gov/sir/2013/5098/. 

 
Sterling, J.M., 2000. Spatial distribution of chloride and 36Cl deposition in the 

conterminous United States, New Mexico Institute of Mining and Technolgy, 155 
p. 

 
Wood, W., 1999. Use and misuse of the chloride-mass balance method in estimating 

ground water recharge: Ground Water, Vol. 37, No. 1, p. 2. 
 
   

http://nadp.sws.uiuc.edu/NTN/


ERDC/GSL TR-14-DRAFT 19 

Appendix: Field Data and Recharge 

Calculations 

This appendix provides copies of some page of an excel file, which contains 

measured soil data, precipitation data, chloride data, and calculated re-

charge rates. 

Figure A1. Recharge calculations. 
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Figure A2. Subsurface soil data. 
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