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Conversion Factors

U.S. customary units to International System of Units

Multiply By To obtain

Length

inch (in.) 25.4 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)

Area

square mile (mi2) 2.590 square kilometer (km2) 
Volume

gallon (gal) 3.785 liter (L) 
gallon (gal) 0.003785 cubic meter (m3) 
cubic foot (ft3) 0.02832 cubic meter (m3) 
acre-foot (acre-ft) 1,233 cubic meter (m3)

Flow rate

acre-foot per year (acre-ft/yr) 1,233 cubic meter per year (m3/yr)
acre-foot per year (acre-ft/yr) 0.001233 cubic hectometer per year (hm3/yr)
cubic foot per second (ft3/s) 0.02832 cubic meter per second (m3/s)
gallon per minute (gal/min) 0.06309 liter per second (L/s)
gallon per day (gal/d) 0.003785 cubic meter per day (m3/d)
million gallons per day (Mgal/d) 0.04381 cubic meter per second (m3/s)
inch per year (in/yr) 25.4 millimeter per year (mm/yr)

Hydraulic conductivity

foot per day (ft/d) 0.3048 meter per day (m/d)
Hydraulic gradient

foot per mile (ft/mi) 0.1894 meter per kilometer (m/km)
Transmissivity

foot squared per day (ft2/d) 0.09290 meter squared per day (m2/d) 
Leakance

foot per day per foot ([ft/d]/ft) 1 meter per day per meter ([m/d]/m)

International System of Units to U.S. customary units

Multiply By To obtain

Length

meter (m) 3.281 foot (ft) 
kilometer (km) 0.6214 mile (mi)
kilometer (km) 0.5400 mile, nautical (nmi) 
meter (m) 1.094 yard (yd) 

Area

square kilometer (km2) 247.1 acre
square kilometer (km2) 0.3861 square mile (mi2)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows: 
 

°F = (1.8 × °C) + 32
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Abstract

The Santa Fe Group aquifer is an important source of 
water to communities within the Middle Rio Grande Basin, 
including the Albuquerque-Rio Rancho metropolitan area and 
Kirtland Air Force Base, New Mexico. In November 1999, 
Kirtland Air Force Base personnel observed fuel-stained soils 
at the Bulk Fuels Facility on the base. Subsequent pressure 
tests identified pipeline leaks. Fuels stored at the Bulk Fuels 
Facility have included aviation gasoline, jet propellant 4, and 
jet propellant 8. The fuels migrated about 480 feet down to the 
water table. Ethylene dibromide, the constituent making up the 
most extensive part of the plume and a component of leaded 
aviation gasoline, has formed a plume that, in December 2016, 
was 400 to 1,300 feet wide, extended about 5,800 feet 
northeast from the Bulk Fuels Facility, and was about 
3,700 feet from the nearest downgradient water-supply well.

Prior to widespread development of groundwater 
resources in southeastern Albuquerque, groundwater near the 
present-day location of the Bulk Fuels Facility flowed to the 
southwest. Groundwater began flowing northeast in about 
1980 towards a large area of lowered water levels caused by 
groundwater pumping. 

In 2013 and 2014 the Albuquerque Bernalillo County 
Water Utility Authority, the U.S. Air Force, and the U.S. 
Geological Survey began a cooperative study to characterize 
the geology and hydrology of the Santa Fe Group aquifer in 
the vicinity of the ethylene dibromide plume and to develop 
a local-scale groundwater flow model to delineate areas 
contributing recharge and zones of contribution to selected 
water-supply wells. 

For this study, a previously developed Middle Rio 
Grande Basin regional groundwater-flow model was updated, 
and a smaller local-scale model was developed. Advective 
groundwater-flow paths were delineated and visualized with 
the MODPATH particle-tracking program. 

Of 11 wells included in the historical pumping analysis 
of areas contributing recharge, only wells K-3, K-7, and RC-4 
derived a portion of their water from simulated recharge 
sources within the local-scale model. None of the areas 
contributing recharge overlap the Bulk Fuels Facility area or 
the ethylene dibromide plume footprint as delineated using 
December 2016 ethylene dibromide data. 

For the historical pumping analysis of zones of 
contribution, particles for the 11 selected wells generally 
moved southwest from the north and east boundaries of the 
local-scale model, moved past their target well, but reversed 
direction and moved back towards their target well after 1980 
when groundwater flow changed to the northeast. Of the 
11 wells, only BR-5, RC-5, and VH-2 had 1980–2013 particle 
pathlines that overlap the December 2016 ethylene dibromide 
plume footprint, and wells BR-5 and VH-2 have 1980–2013 
particle pathlines that overlap the Bulk Fuels Facility area. 
Particles that were north of the Bulk Fuels Facility when 
groundwater flow reversed direction would not have the 
opportunity to interact with the ethylene dibromide plume. 
Wells BR-5, K-15, and VH-2 did have particles southwest of 
the Bulk Fuels Facility in 1980. Particles traveling to BR-5 
and K-15 passed under or very near the Bulk Fuels Facility 
area in the 1980–2013 period, but none of the pathlines were 
shallow enough to interact with ethylene dibromide at the 
Bulk Fuels Facility. A few particles traveling to VH-2 passed 
through the Bulk Fuels Facility area at shallow enough depths 
to interact with ethylene dibromide at the Bulk Fuels Facility 
in the 1980–2013 period. Ethylene dibromide has not been 
detected in water samples collected in 2012 through 2015 
from the VH-2 well.

Of 10 water-supply wells near the ethylene dibromide plume 
included in the future pumping analysis of areas contributing 
recharge, only wells K-3, RC-3, and RC-4 had areas 
contributing recharge within the local-scale model. The areas 
contributing recharge for wells RC-3 and RC-4 do not overlap 
the Bulk Fuels Facility area or the December 2016 ethylene 
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dibromide plume footprint, but K-3 derives part of its recharge 
prior to 1980 and during 1980–2015 from within the area of 
the December 2016 plume footprint. 

The analysis of the future pumping scenarios indicated 
that wells BR-5, K-3, K-16, RC-5, and VH-2 have pathlines 
for 1980–2015 and wells K-16 and VH-2 have pathlines for 
2015–50 that when projected in plan view pass through the 
December 2016 plume footprint. Of these five wells, only 
K-3 and RC-5 have pathlines for 1980–2015 that are above 
an elevation of 4,800 feet and could interact with the ethylene 
dibromide plume if ethylene dibromide was present when the 
particles were present. 

Introduction
The Santa Fe Group aquifer is an important source of water 

to communities within the Middle Rio Grande Basin, including 
the Albuquerque-Rio Rancho metropolitan area and Kirtland Air 
Force Base (KAFB), New Mexico (fig. 1). In the arid climate 
of the southwestern United States, maintaining the quality 
of limited groundwater supplies is particularly important 
to the health and economic well-being of communities in 
the Middle Rio Grande Basin. The Albuquerque Bernalillo 
County Water Utility Authority (Water Authority), KAFB, and 
the U.S. Department of Veteran’s Affairs hospital complex 
(VAH) operate production wells located in and near southeast 
Albuquerque, New Mexico, that supply drinking water to the 
Water Authority distribution system, KAFB facilities, and 
VAH facilities, respectively (U.S. Air Force Civil Engineer 
Center, 2014).

In November 1999, KAFB personnel observed fuel-
stained soils at the Bulk Fuels Facility (BFF) on the base 
(fig. 2). Subsequent pressure tests identified leaks in 
underground fuel pipes used to transfer aviation fuels from 
an offloading terminal to storage tanks at the BFF (U.S. 
Air Force, 2011). Various types of fuels have been stored at 
the BFF including aviation gasoline from 1953 to 1975, jet 
propellant 4 (JP-4) from 1975 to 1993, and jet propellant 8 
(JP-8) from 1993 to present (U.S. Army Corps of Engineers, 
2017a). The BFF has been used for fuel transfer and storage 
since 1953, but the exact date when the pipes began leaking 
and the amounts of fuels that leaked are unknown (U.S. Army 
Corps of Engineers, 2017a). 

After leaking from the pipes, the fuels migrated about 
480 feet (ft) down to the water table, where the fuels and 
fuel components formed a plume at the water table with 
nonaqueous and aqueous phases. The fuel component that 
makes up the most extensive part of the plume is ethylene 
dibromide (EDB; also known as 1,2-dibromoethane). EDB 

was a component of leaded aviation gasoline but not of JP-4 
or JP-8 (U.S. Army Corps of Engineers, 2017a). Monitoring 
wells have been installed to delineate the extent of the EDB 
plume. As monitoring wells were installed, the extent of 
contamination became better known. The EDB plume may not 
yet be fully characterized, but as of December 2016 the EDB 
plume, delineated by EDB concentrations in groundwater that 
equal or exceed the regulatory limit of 0.05 microgram per 
liter (U.S. Army Corps of Engineers, 2017b), ranged from 
400 to 1,300 ft wide and extended about 5,800 ft northeast 
from the BFF (fig. 2). At its deepest, the EDB plume is about 
85 ft below the water table (U.S. Army Corps of Engineers, 
2017a). As shown in figure 2, in December 2016 the leading 
edge of the EDB plume was about 3,700 ft from the nearest 
downgradient water-supply well (RC-5).

Prior to widespread development of groundwater 
resources (1960s to 1980s) in southeastern Albuquerque, 
groundwater near the present-day location of the BFF 
flowed to the southwest (Bexfield and Anderholm, 2000). 
After widespread development of groundwater resources, 
groundwater levels began falling, and directions of 
groundwater flow in some areas have changed. Near the 
BFF, groundwater began flowing to the northeast in about 
1980 towards a large area of lowered water levels caused by 
groundwater pumping from Water Authority water-supply 
wells (Powell and McKean, 2014; Rice and others, 2014). 
But, since the Water Authority began diverting San Juan-
Chama (SJC) surface water from the Rio Grande in late 
2008 to supplement its groundwater supply, groundwater 
levels in southeastern Albuquerque have been rising (Powell 
and McKean, 2014). Because of the complex history of 
groundwater flow and the proximity of the EDB plume to 
water-supply wells, a detailed hydrogeologic study and 
groundwater-flow modeling were undertaken to determine 
the origin and flow paths of water being produced by Water 
Authority and KAFB water-supply wells. 

In 2013 the Water Authority and the U.S. Geological 
Survey (USGS) began a cooperative study to characterize 
the geology and hydrology of the Santa Fe Group aquifer 
in the vicinity of the EDB plume and to use the Middle Rio 
Grande Basin groundwater-flow model (fig. 1) developed 
by McAda and Barroll (2002) and refined by Bexfield and 
others (2011) and a local-scale model as the basis to delineate 
areas contributing recharge and zones of contribution to 
selected Water Authority water-supply wells. In 2014, the 
U.S. Air Force and the USGS began a cooperative project to 
characterize aquifer properties, water quality, and directions 
of groundwater flow in the vicinity of the EDB plume and 
to delineate directions of groundwater flow under historical 
pumping conditions and future pumping scenarios for water-
supply wells. 
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North American Datum of 1983
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Extent of the local-scale model within the Middle Rio Grande Basin is shown on figure 1.
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Purpose and Scope

This report describes the hydrogeologic framework of the 
upper Santa Fe Group aquifer in southeastern Albuquerque, 
New Mexico, and documents the development and calibration 
of a 73.2-square-mile (mi2) local-scale model that is used to 
simulate groundwater flow near the EDB plume. The report 
also presents results of particle-tracking simulations that 
delineate transient areas contributing recharge and zones 
of contribution to 11 water-supply wells near the EDB 
plume under selected pumping scenarios. Simulations of 
historical groundwater-flow conditions span the time from 
1900 through October 2013. Simulations of projected future 
groundwater flow span the time from November 2013 through 
October 2050.

Description of the Study Area

From north to south, the study area (local-scale model 
area) extends from northeastern Albuquerque to Mesa Del 
Sol and from east to west extends from near Juan Tabo 
Boulevard to near Girard Boulevard (fig. 2). The local-scale 
model boundary encompasses 73.2 mi2 (fig. 2) and is located 
in an area of westward sloping, overlapping alluvial fans that 
emanate from the Sandia and Manzanita Mountains (fig. 1). 
Albuquerque lies within the Middle Rio Grande Basin, which 
is one of several sediment-filled structural basins associated 
with the north-south trending Rio Grande Rift (fig. 1). In 
the Albuquerque-Rio Rancho metropolitan area, the Sandia 
and Manzanita Mountains to the east and the Llano de 
Albuquerque to the west form the boundaries of the rift valley 
(fig. 1).

The climate in the Albuquerque-Rio Rancho metropolitan 
area is semiarid. Mean annual precipitation at the Albuquerque 
International Sunport (airport) for 1981–2010 was 9.45 inches 
per year (in/yr) (Western Regional Climate Center, 2017). 
About 55 percent of the mean annual precipitation falls from 
July through October (Western Regional Climate Center, 
2017). Because of the dry climate, potential evapotranspiration 
can be four or more times greater than precipitation (Bartolino 
and Cole, 2002).

The principal stream in the Middle Rio Grande Basin 
is the north-south flowing Rio Grande (fig. 1). Through the 
Albuquerque-Rio Rancho metropolitan area, the Rio Grande 
is perennial but generally loses water to the adjacent aquifer 
(Rankin and others, 2016). Within the local-scale model area 
Tijeras Arroyo, originating in the Manzanita Mountains, is the 
primary drainage. Tijeras Arroyo, which is ephemeral within 
the local-scale model area, conveys water southwest to the Rio 
Grande in southern Albuquerque (figs. 1 and 2). 

Water supplied to Albuquerque residents currently 
(2019) is obtained from both the Santa Fe Group aquifer 
below the city and from SJC surface water. Groundwater 
from the Santa Fe Group aquifer was the sole source of water 

to Albuquerque until late 2008, when the SJC surface-water 
diversion and treatment plant began supplying potable water. 
During 2014 the Water Authority supplied 99,000 acre-feet 
(acre-ft) of water to its customers, of which about 39 percent 
was groundwater, 57 percent was surface water, and 4 percent 
was treated nonpotable water (Albuquerque Bernalillo County 
Water Utility Authority, 2016). Water use has decreased from 
175 gallons per capita per day in 1997 to 135 gallons per 
capita per day in 2014 (Albuquerque Bernalillo County Water 
Utility Authority, 2016). The local-scale model encompasses 
52 active Water Authority, KAFB, and VAH water-supply 
wells, one currently inactive well (VH-1) which was replaced 
by the VH-2 well, and one former water-supply well (K-7) 
which is now an injection well (fig. 2) that obtain their water 
from the upper Santa Fe Group aquifer. The KAFB, Water 
Authority, and VAH water systems are interconnected such 
that KAFB can purchase supplemental water from the Water 
Authority if needed (U.S. Air Force Civil Engineer Center, 
2014). 

Previous Investigations

Bartolino and Cole (2002) provided an extensive 
overview of the hydrogeology of the Middle Rio Grande 
Basin and provided references to publications with detailed 
descriptions of the hydrogeology of the basin. Hawley and 
Haase (1992) and Hawley and others (1995) described 
the fundamental hydrogeologic framework of the Middle 
Rio Grande Basin and developed much of the modern 
stratigraphic nomenclature for the basin. Connell and others 
(1998) and Connell (2006, 2008), through detailed analyses 
of geophysical logs and drill cuttings from wells, developed 
a comprehensive understanding of both the vertical and 
horizontal extents of sedimentary facies in the Middle Rio 
Grande Basin and the influence of faulting on the types 
and locations of sedimentary deposits. Plummer and others 
(2004) provided a comprehensive geochemical analysis 
of Middle Rio Grande Basin groundwater and contributed 
substantially to the understanding of groundwater recharge 
sources and flow patterns in the basin. McAda and Barroll 
(2002) developed the first version of the Middle Rio Grande 
Basin regional groundwater-flow model and simulated 
groundwater conditions from 1900 through March 2000. 
Bexfield and others (2011) refined the McAda and Barroll 
(2002) model by decreasing the horizontal grid cell size, 
adding simulated recharge from leaking water-distribution and 
sewage-collection systems, extending the model simulation 
period through December 2008, and recalibrating the model. 
Heywood (2013) developed a local-scale model for an area 
west of the local-scale model described in this report and 
used the model to simulate the transport of anthropogenic 
and natural contaminants near a Water Authority water-
supply well. 
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Hydrogeologic Framework

Geologic Framework

The Rio Grande Rift (fig. 1) is a north-south zone of 
crustal stretching and thinning that extends from central 
Colorado through New Mexico and into west Texas and 
northern Mexico (Hawley and others, 1995). Initiated 
25–30 million years ago, the rifting formed a chain of deep, 
fault-separated structural basins which, collectively, form 
the Rio Grande Rift (fig. 1). As the basins formed they filled 
with the Oligocene- to Pleistocene-age sediments of the Santa 
Fe Group. As much as about 14,500 ft thick in the central 
Middle Rio Grande Basin (Lozinsky, 1994), the Santa Fe 
Group has been subdivided into informal lower, middle, and 
upper lithostratigraphic units on the basis of lithology and age 
(Hawley and others, 1995; Connell and others, 1998). Units 
within the upper Santa Fe Group in the Albuquerque area 
have primarily been assigned to the Ceja and Sierra Ladrones 
Formations (Connell, 2008). The lower and middle Santa 
Fe Group units consist primarily of locally derived alluvial, 
eolian, and lacustrine sediments deposited in closed, internally 
drained basins (Hawley, 1996). 

Of the upper Santa Fe Group, the Ceja Formation, found 
in the western and east-central parts of the Middle Rio Grande 
Basin, consists of fluvial sediments carried into the basin from 
the west (Connell, 2008). The Sierra Ladrones Formation 
consists of ancestral Rio Grande axial-fluvial sediments and 
piedmont-slope sediments derived from mountains to the east 
(Hawley and others, 1995; Connell and others, 1998). The 
axial-fluvial sediments were deposited on the eastern side of 
the basin by the ancestral Rio Grande (Connell and others, 
1998; Connell, 2006). The axial-fluvial sediments of the Sierra 
Ladrones Formation interfinger with the Ceja Formation in 
the central part of the basin and interfinger with piedmont-
slope sediments near the eastern edge of the basin (Connell 
and others, 1998; Connell, 2006). As the channel of the 
ancestral Rio Grande shifted from the eastern side of the basin 
towards its present-day position near the center of the basin, 
piedmont-slope sediments overtopped axial-fluvial sediments 
and prograded westward as the river retreated (Connell and 
others, 1998; Connell, 2006). Deposition of Santa Fe Group 

sediments ended about 1 million years ago when the ancestral 
Rio Grande began a period of rapid incision (Hawley, 
1996). Near the LV-8 well (fig. 2) (formerly Charles-6 [CH-
6]), the Sierra Ladrones Formation is about 1,900 ft thick 
(Connell and others, 1998). Locally within the axial-fluvial 
sediments of the Sierra Ladrones Formation, two lithologic 
units characterized by abundant silt and clay layers and 
identifiable on geophysical logs have informally been named 
the A1 (lower) and A2 (upper) units (figs. 3 and 4; Connell 
and others, 1998). Based on observations of grain size, the 
coarse-grain axial-fluvial sediments represent periods of time 
when high-energy depositional environments dominated, 
whereas the fine-grain A1 and A2 units represent low-energy 
depositional environments. 

During deposition of Sierra Ladrones Formation 
sediments, episodic fault movement and displacement of 
sediments along listric-normal faults on the east side of the 
basin caused fault blocks to tilt eastward (Hawley and Haase, 
1992; Connell, 2004; cross section C–Cʹ in Connell, 2006). 
The eastward tilting and downward displacement along 
faults caused the depositional locus (and the ancestral Rio 
Grande) to shift to the eastern side of the basin (Hawley and 
others, 1995). As a result, the ancestral Rio Grande deposited 
a stacked sequence of braided river-channel sediments (the 
axial-fluvial sediments) in the eastern Middle Rio Grande 
Basin (Hawley and others, 1995; Hawley, 1996; Connell, 
2006). Connell (2006) showed the eastern and western limits 
of axial-fluvial sediments (fig. 5), but the greatest thickness of 
axial-fluvial sediments within the local-scale model area lies 
between the Eubank Fault and the westernmost unnamed fault 
shown in figure 2 (cross section C–Cʹ in Connell, 2006). 

Near the present-day Rio Grande in the Albuquerque-Rio 
Rancho metropolitan area (fig. 1), the uppermost geologic 
unit consists of Quaternary alluvial sediments that have been 
deposited on top of upper Santa Fe Group sediments (Connell, 
2006). The Rio Grande alluvial sediments are as much as 
120 ft thick but on average are about 80 ft thick (Hawley 
and Haase, 1992). Based on mapping by Connell (2006) Rio 
Grande alluvial sediments are not present in the local-scale 
model area; a thin layer of recent alluvium is present in Tijeras 
Arroyo, and piedmont-slope sediments are mostly above the 
water table in the local-scale model area but are thicker on the 
east side of the local-scale model area. 
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For this study, we focus on two types of depositional 
units that strongly influence groundwater flow: the low-energy, 
fine-grain A1 and A2 units and the high-energy, coarse-grain 
axial-fluvial sediments above, between, and below the A1 and 
A2 units (fig. 3). The A1 and A2 units were identified on the 
basis of geophysical and lithologic logs (Connell and others, 
1998; Connell, 2006) over much of the local-scale model area 
but appear to be absent approximately east of the Eubank Fault 
(fig. 2). Tops and bases of the A1 and A2 units were identified 
by Connell and others (1998) and Connell (2006) on the basis 
of geophysical log correlations and examination of sediment 
drill cuttings from wells (table 1). Tops and bases of the A1 
and A2 units were identified in this study in additional wells 
within the local-scale model area on the basis of geophysical 
log correlations (table 1). Geophysical logs used for this study 
are available through the USGS GeoLog Locator website 
(U.S. Geological Survey, 2018).

Digital elevation models (DEMs) were generated for the 
top and base elevations (table 1) of the A1 and A2 units by 
using the ArcGIS Topo to Raster tool (Esri, 2017). The Topo 
to Raster tool uses a thin-plate spline interpolation technique 
(Wahba, 1990) for which the roughness penalty has been 
modified to allow the fitted surface to follow abrupt changes in 
terrain (Esri, 2017). DEM extrapolation was limited to an area 
within the local-scale model area west of the Eubank Fault 
roughly north of Tijeras Arroyo (figs. 2 and 4). Faults were not 
incorporated into the DEM surfaces because of insufficient 
data specifying fault location and displacement at depth. The 
resulting DEMs show that the A1 and A2 units generally slope 
east and, with local variations in slope, toward a low point 
near the east-central edge of each surface (fig. 4). 

The DEMs were generated before the VA-1C well (fig. 4) 
was drilled, so the A1 and A2 units represented in the local-
scale model are as shown in figure 4. Differences between the 
A2 DEM and the top of A2 unit elevation at VA-1C (tables 1 
and 2) may be the result of variations in lithologic thickness, 
changes in stratigraphy, faulting, or geophysical log quality. 
Both the A1 and A2 units are thinner in VA-1C than in most 
other wells in the local-scale model area (table 1). Excluding 
VA-1C, differences between the DEM elevations and top and 
base elevations from geophysical logs have root mean square 
errors of 11.5 and 17.8 ft for the top and base of the A1 unit 
and 6.9 and 8.9 ft for the top and base of the A2 unit (table 2). 

Hydrologic Framework

The hydrologic framework of the Middle Rio 
Grande Basin is defined by external boundaries, internal 
hydrogeologic characteristics, recharge to and discharge 
from the aquifer, and aquifer properties that govern rates of 
groundwater flow and volumes of groundwater stored in the 
aquifer. Internally within the basin, the axial-fluvial sediments 
and A1 and A2 units are of particular importance because 
the axial-fluvial sediments have relatively high hydraulic 
conductivities and the A1 and A2 units have lower hydraulic 
conductivities that inhibit vertical groundwater movement and 
confine or partially confine water in the underlying axial-
fluvial sediments. 

External Basin Boundaries 

Structural features that define the outer boundaries of 
the Middle Rio Grande Basin in the Albuquerque area also 
influence groundwater movement into and out of the basin. 
The crystalline and consolidated sedimentary rocks of the 
Sandia and Manzanita Mountain uplifts to the east and the 
edge of the San Juan Basin to the west (fig. 1) generally 
are thought to be less permeable than Middle Rio Grande 
Basin sediments (McAda and Barroll, 2002) and so can be 
represented as leaky basin boundaries. The northern and 
southern boundaries of the Middle Rio Grande Basin are 
defined by convergence of the basin’s eastern and western 
structural boundaries and the presence of associated bedrock 
highs (McAda and Barroll, 2002). The bottom of the Middle 
Rio Grande Basin is defined as the interface between the 
sediments of the Santa Fe Group and the underlying pre-
Santa Fe Group volcanic, shale, sandstone, and limestone 
rocks (Hawley and others, 1995). The Sandia and Manzanita 
Mountains are composed of fractured Precambrian igneous 
and metamorphic rocks overlain by Paleozoic sandstone, 
limestone, and shale (Connell, 2006). The San Juan Basin 
margin to the west is composed of Paleozoic limestone, 
sandstone, and shale and Cenozoic basalt flows (Hawley and 
others, 1995). In general, the lithified rocks surrounding and 
underlying the Middle Rio Grande Basin are less permeable 
than are the unconsolidated sediments of the Santa Fe Group 
(McAda and Barroll, 2002). 
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Table 1.  Depths to and elevations of the tops and bases of the A1 and A2 units of the Sierra Ladrones 
Formation for selected wells in the local-scale model area.

[Well locations shown on figure 4. Except for land surface, elevations are rounded to the nearest foot. Land surface elevations 
obtained from National Water Information System (U.S. Geological Survey, 2015). Elevations reported in height above the 
National Geodetic Vertical Datum of 1929 were converted to height above the North American Vertical Datum of 1988.  
USGS, U.S. Geological Survey; depth, depth below land surface; elevation, height above the North American Vertical Datum  
of 1988; –, lithologic unit not present or not evident on log]

Well 
name

USGS site number

Land  
surface 

elevation 
(feet)

Bottom of  
borehole

Base of piedmont-
slope member (top 

of axial-fluvial 
member)

Top of A2 unit

Depth 
(feet)

Elevation 
(feet)

Depth 
(feet)

Elevation 
(feet)

Depth 
(feet)

Elevation 
(feet)

BR-1 350401106363201 5,319.74 1,553 3,767 160 5,160 400 4,920
BR-2 350421106361001 5,287.00 900 4,387 120 5,167 380 4,907
BR-3 350440106355801 5,218.00 995 4,223 – – 360 4,858
BR-4 350343106364401 5,293.00 1,450 3,843 165 5,128 310 4,983

BR-5 350355106351501 5,281.00 1,170 4,111 235 5,046 570 4,711
CC-1E 350359106335205 5,349.95 1,410 3,940 270 5,080 785 4,565
CH-5 350615106345901 5,223.00 3,000 2,223 123 5,100 543 4,680

DSD-1 350534106354701 5,213.00 1,570 3,643 – – 475 4,738
K-15 350308106351301 5,335.00 1,520 3,815 – – 540 4,795

K-16 350304106340801 5,367.00 1,511 3,856 – – 720 4,647
LY-1 350752106342101 5,291.00 996 4,295 – – 810 4,481
LV-4 350511106325601 5,372.72 1,284 4,089 300 5,073 1,030 4,343
LV-8 350538106333001 5,317.00 3,336 1,981 180 5,137 990 4,327
RC-3 350401106331401 5,387.71 1,475 3,913 350 5,038 940 4,448
RC-4 350445106334001 5,347.72 1,450 3,898 305 5,043 950 4,398
RC-5 350420106334401 5,355.00 1,470 3,885 230 5,125 880 4,475

SC-1 350908106344401 5,243.00 1,308 3,935 235 5,008 558 4,685

SO-1E 350359106333905 5,363.00 1,500 3,863 120 5,243 820 4,543
TH-5 350744106333501 5,358.00 1,450 3,908 225 5,133 895 4,463
TH-6 350720106330401 5,403.00 1,540 3,863 250 5,153 910 4,493
TR-1C 350408106335603 5,337.94 1,477 3,861 180 5,158 800 4,538
VA-1C 350304106345403  5,341.00 1,220 4,121 125 5,216 653 4,688
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Base of A2 unit Top of A1 unit Base of A1 unit
Base of axial- 
fluvial member

Source of data

Depth 
(feet)

Elevation 
(feet)

Depth  
(feet)

Elevation 
(feet)

Depth 
(feet)

Elevation 
(feet)

Depth 
(feet)

Elevation 
(feet)

640 4,680 860 4,460 1,125 4,195 – – U.S. Geological Survey, 2018.
630 4,657 810 4,477 – – – – U.S. Geological Survey, 2018.
620 4,598 810 4,408 – – – – U.S. Geological Survey, 2018.
620 4,673 730 4,563 990 4,303 1,345 3,948 Connell and others, 1998.

770 4,511 850 4,431 1,055 4,226 – – U.S. Geological Survey, 2018.
980 4,370 1,120 4,230 1,305 4,045 – – U.S. Geological Survey, 2018.
743 4,480 863 4,360 1,103 4,120 2,030 3,193 Connell and others, 1998;  

Connell, 2006.
740 4,473 950 4,263 1,260 3,953 – – U.S. Geological Survey, 2018.
770 4,565 880 4,455 1,150 4,185 – – U.S. Geological Survey, 2018.

940 4,427 1,024 4,343 1,230 4,137 – – Connell and others, 1998.
1,000 4,291 – – – – – – U.S. Geological Survey, 2018.

– – – – – – – – U.S. Geological Survey, 2018.
1,175 4,142 1,265 4,052 1,500 3,817 1,980 3,337 Connell and others, 1998.
1,070 4,318 1,195 4,193 1,390 3,998 – – U.S. Geological Survey, 2018.
1,110 4,238 1,210 4,138 1,440 3,908 – – U.S. Geological Survey, 2018.
1,040 4,315 1,180 4,175 1,350 4,005 – – Connell and others, 1998; top 

of A1 from U.S. Geological 
Survey, 2018.

808 4,435 888 4,355 1,108 4,135 – – U.S. Geological Survey, 2018; 
base of piedmont-slope 
member based on lithologic 
description in Johnson and 
others, 1996.

1,030 4,333 1,170 4,193 1,330 4,033 – – U.S. Geological Survey, 2018.
1,095 4,263 1,240 4,118 1,415 3,943 1,850 3,508 Connell and others, 1998.
1,085 4,318 1,260 4,143 1,425 3,978 – – U.S. Geological Survey, 2018.

980 4,358 1,170 4,168 1,310 4,028 – – U.S. Geological Survey, 2018.
810 4,531 905 4,436 1,072 4,269 – – U.S. Geological Survey, 2018.
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Internal Basin Hydrogeologic Characteristics

Internal hydrogeologic characteristics that influence 
the direction and rate of groundwater flow primarily are the 
hydraulic properties of geologic units, the three-dimensional 
stratigraphic and structural arrangement of the geologic 
units, and faults. Within the upper Santa Fe Group, the 
coarse-grain axial-fluvial sediments form an important 
geologic feature that greatly influences groundwater flow. 
The axial-fluvial sediments, deposited by the ancestral Rio 
Grande, form a north-northeast to south-southwest trending 

corridor of deposits (between the western and eastern limits 
of axial-fluvial sediments) with relatively higher hydraulic 
conductivities (table 3, fig. 5). Given the same hydraulic 
gradients and effective porosities, groundwater within this 
corridor of higher hydraulic conductivity will flow at a faster 
volumetric rate than groundwater outside the corridor where 
hydraulic conductivities are lower. The axial-fluvial sediments, 
then, form a preferred corridor of flow, within which 
groundwater near the EDB plume flowed to the northeast 
towards a large area of groundwater-level drawdown (Powell 
and McKean, 2014). 

Table 2.  Elevations of tops and bases of A1 and A2 units from digital elevation models and difference as compared to geophysical-log- 
and lithologic-based elevations.

[Well locations shown on figure 4. Geophysical-log- and lithologic-based elevations are shown in table 1. Positive differences indicate that the digital elevation 
model (DEM) elevation is higher than the elevation from the geophysical log in table 1, and negative differences indicate that the DEM elevation is lower than 
the elevation from the geophysical log in table 1. USGS, U.S. Geological Survey; NAVD 88, North American Vertical Datum of 1988;  –, lithologic unit not 
present]

Well 
name

USGS site number
DEM elevation at selected wells 

(feet above NAVD 88)
Difference between DEM elevation and geophysical- 

log- and lithologic-based elevations (table 1) (feet)

Top of A2 Base of A2 Top of A1 Base of A1 Top of A2 Base of A2 Top of A1 Base of A1

BR-1 350401106363201 4,921 4,674 4,477 4,214 1 –6 17 19

BR-2 350421106361001 4,901 4,650 4,466 4,182 –6 –7 –11 –

BR-3 350440106355801 4,853 4,594 4,407 4,130 –5 –4 –1 –

BR-4 350343106364401 4,977 4,678 4,553 4,294 –6 5 –10 –9

BR-5 350355106351501 4,723 4,522 4,422 4,274 12 11 –9 48

CC-1E 350359106335205 4,562 4,364 4,218 4,050 –3 –6 –12 5

CH-5 350615106345901 4,671 4,463 4,343 4,102 –9 –17 –17 –18

DSD-1 350534106354701 4,740 4,481 4,275 3,969 2 8 12 16

K-15 350308106351301 4,791 4,561 4,453 4,192 –4 –4 –2 7

K-16 350304106340801 4,650 4,434 4,345 4,137 3 7 2 0

LY-1 350752106342101 4,487 4,296 4,220 4,033 6 5 – –

LV-4 350511106325601 4,326 4,177 4,079 3,850 –17 – – –

LV-8 350538106333001 4,339 4,164 4,067 3,830 12 22 15 13

RC-3 350401106331401 4,452 4,309 4,188 3,992 4 –9 –5 –6

RC-4 350445106334001 4,406 4,249 4,140 3,920 8 11 2 12

RC-5 350420106334401 4,480 4,315 4,172 3,999 5 0 –3 –6

SC-1 350908106344401 4,679 4,432 4,351 4,132 –6 –3 –4 –3

SO-1E 350359106333905 4,539 4,342 4,203 4,034 –4 9 10 1

TH-5 350744106333501 4,465 4,268 4,129 3,950 2 5 11 7

TH-6 350720106330401 4,494 4,312 4,141 3,940 1 –6 –2 –38

TR-1C 350408106335603 4,540 4,356 4,197 4,038 2 –2 29 10

VA-1C 350304106345403 4,738 4,515 4,415 4,174 50 –16 –21 –95

Root mean square error excluding USGS VA-1C 6.9 8.9 11.5 17.8
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laf18-0891_fig 05

EXPLANATION

Ethylene dibromide (EDB) plume—Outer edge of plume is EDB 
      concentration of 0.05 microgram per liter

Local-scale model boundary

Line of equal hydraulic conductivity—Dashed where
approximately located. Interval 25 feet per day

Normal fault—Dashed where inferred. U, upthrown block; 
D, downthrown block

Well and well name (table 3)—Value indicates mean 
       hydraulic conductivity, in feet per day 
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Figure 5.  Hydraulic conductivity of Sierra Ladrones Formation sediments in relation to the 
ethylene dibromide plume (U.S. Army Corps of Engineers, 2017b), locations of faults, and 
approximate east and west limits of axial-fluvial sediments (Connell, 2006). See table 3 for well 
identification and sources of hydraulic conductivity data. 
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Table 3.  Transmissivity and hydraulic conductivity values determined from aquifer tests at wells in and near the local-scale model area.—Continued

[Well locations shown on figure 5. USGS, U.S. Geological Survey; –, not reported]

Well 
name

USGS site number

Transmis-
sivity (feet 

squared per 
day)

Length of 
well screen 

(feet)

Hydraulic 
conductivity 
(feet per day)

Additional 
reported 
transmis-
sivity (feet 

squared per 
day)

Additional 
hydraulic 

conductivity 
(feet per day)

Hydraulic conductivity 
for well or mean hydrau-
lic conductivity if more 
than one value reported 

(feet per day)

Source of data Comment

BR-2 350421106361001 21,040 420 50 – – 50 Thorn and others, 1993

BR-3 350440106355801 25,320 636 40 – – 40 Thorn and others, 1993

CH-1 350628106334801 59,500 576 103 – – 103 Thorn and others, 1993

CH-2 350606106341101 56,280 564 100 – – 100 Thorn and others, 1993

CH-3 350640106342601 67,000 576 120 – – 120 Thorn and others, 1993

CH-4 350602106333201 56,280 576 98 – – 98 Thorn and others, 1993

CH-5 350615106345901 – – 57 – – 57 Ellinger, 2013

K-7 350235106340801 – – 131 – – 131 Ellinger, 2013 Also known as KAFB-
ST105-EX1.

KAFB-
106228

350328106342701 – – 150 – – 150 U.S. Army Corps of 
Engineers, 2016a

Hydraulic conductivity is 
the reported geometric 
mean of results from the 
pumping well and eight 
observation wells.

LO-1 350430106302401 17,020 600 28 – – 28 Thorn and others, 1993

LO-2 350459106304601 1,070 796 1.3 – – 1.3 Thorn and others, 1993

LO-5 350422106312601 14,740 828 18 – – 18 Thorn and others, 1993 Formerly named Lomas-7.
LO-6 350410106310001 13,400 812 17 – – 17 Thorn and others, 1993 Formerly named Lomas-8.

LV-1 350517106314401 6,030 500 12 – – 12 Thorn and others, 1993

LV-3 350511106321401 15,000 600 25 28,140 47 36 Thorn and others, 1993

LV-4 350511106325601 23,720 684 35 32,000 47 41 Thorn and others, 1993

LV-5 350452106323901 14,740 588 25 24,000 41 33 Thorn and others, 1993

LV-6 350553106313801 4,690 759 6 – – 7 Thorn and others, 1993

LV-7 350607106321301 18,760 831 23 – – 23 Thorn and others, 1993

LV-8 350538106333001 56,940 800 71 – – 71 Thorn and others, 1993 Formerly named 
Charles-6.
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Table 3.  Transmissivity and hydraulic conductivity values determined from aquifer tests at wells in and near the local-scale model area.—Continued

[Well locations shown on figure 5. USGS, U.S. Geological Survey; –, not reported]

Well 
name

USGS site number

Transmis-
sivity (feet 

squared per 
day)

Length of 
well screen 

(feet)

Hydraulic 
conductivity 
(feet per day)

Additional 
reported 
transmis-
sivity (feet 

squared per 
day)

Additional 
hydraulic 

conductivity 
(feet per day)

Hydraulic conductivity 
for well or mean hydrau-
lic conductivity if more 
than one value reported 

(feet per day)

Source of data Comment

LY-1 350752106342101 55,210 528 105 71,000 134 120 Thorn and others, 1993

LY-2 350727106340801 40,600 528 77 54,000 100 88 Thorn and others, 1993

LY-3 350819106344001 56,010 540 100 80,000 150 125 Thorn and others, 1993

LY-4 350815106340601 49,040 516 95 71,000 140 118 Thorn and others, 1993

MI-1 350308106374601 9,650 750 13 – – 13 Thorn and others, 1993

PN-2 350800106315001 7,240 768 9 – – 9 Thorn and others, 1993

PN-3 350820106321701 19,160 720 27 – – 27 Thorn and others, 1993

PN-4 350834106314901 4,820 613 8 – – 8 Thorn and others, 1993

PN-6 350851106322001 42,610 810 53 – – 53 Thorn and others, 1993

RC-1 350405106322001 -- -- 13 – – 13 Ellinger, 2013

RC-2 350427106323401 -- -- 25 – – 25 Ellinger, 2013

RC-3 350401106331401 -- -- 24 – – 24 Ellinger, 2013

RC-4 350445106334001 -- -- 25 – – 25 Ellinger, 2013

RC-5 350420106334401 -- -- 80 – – 80 Ellinger, 2013

SB 350648106362501 22,910 672 34 – – 34 Thorn and others, 1993

SJ-2 350336106383201 7,000 732 10 – – 10 Thorn and others, 1993 Formerly named San 
Jose-7.

SJ-2-abnd 350315106390401 6,030 732 8 – – 8 Thorn and others, 1993 Well abandoned.

TH-1 350754106332101 28,940 468 62 54,000 115 
(see  

comment)

88 Thorn and others, 1993 Additional hydraulic 
conductivity value is 
reported by Thorn and 
others (1993) as 112, but 
division of additional re-
ported transmissivity by 
well screen length gives 
hydraulic conductivity 
of 115.

TH-2 350747106323301 18,220 528 35 – – 35 Thorn and others, 1993

TH-3 350813106332101 43,680 528 83 – – 83 Thorn and others, 1993
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Table 3.  Transmissivity and hydraulic conductivity values determined from aquifer tests at wells in and near the local-scale model area.—Continued

[Well locations shown on figure 5. USGS, U.S. Geological Survey; –, not reported]

Well 
name

USGS site number

Transmis-
sivity (feet 

squared per 
day)

Length of 
well screen 

(feet)

Hydraulic 
conductivity 
(feet per day)

Additional 
reported 
transmis-
sivity (feet 

squared per 
day)

Additional 
hydraulic 

conductivity 
(feet per day)

Hydraulic conductivity 
for well or mean hydrau-
lic conductivity if more 
than one value reported 

(feet per day)

Source of data Comment

TH-4 350813106324001 40,070 348 115 40,000 115 
(see  

comment)

115 Thorn and others, 1993 Additional hydraulic 
conductivity value is 
reported by Thorn and 
others (1993) as 110 but 
division of additional re-
ported transmissivity by 
well screen length gives 
hydraulic conductivity 
of 115.

VAN-1 350805106354901 55,610 672 83 – – 83 Thorn and others, 1993

VAN-4 350803106351101 58,020 504 115 – – 115 Thorn and others, 1993

VAN-5 350809106360901 40,470 636 64 – – 64 Thorn and others, 1993

VAN-6 350828106352101 51,320 660 78 – – 78 Thorn and others, 1993

VH-1 350313106345701 43,000 600  
(360;  

see comment)

72 72  
(119; see comment)

Thorn and others, 1993 Assuming water-producing 
intervals in this well are 
similar to those of the 
nearby VH-2 well, the 
hydraulic condicitvity 
for this well would be 
about 119 feet per day.

VH-2 350310106345601 44,117 360 123 50,935 141 132 U.S. Department of 
Veterans Affairs, 
1997

WA-1 351027106314001 4,020 721  
(see  

comment)

5.6 – – 5.6 Thorn and others, 1993 Screen length from Bex-
field and others, 1999.

WA-3 350931106315501 9,650 729 13 – – 13 Thorn and others, 1993 Formerly named Pon-
derosa-9.

WB-1 351029106332001 42,080 725 58 – – 58 Thorn and others, 1993

WB-2 351013106333501 19,970 726 28 – – 28 Thorn and others, 1993

YA-1 350426106372601 15,280 624 24 – – 24 Thorn and others, 1993

YA-2 350358106372901 19,560 828 24 – – 24 Thorn and others, 1993

YA-3 350435106380101 8,040 672 12 – – 12 Thorn and others, 1993
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The presence of the axial-fluvial sediments, bounded to 
the east and west by finer-grain units, creates anisotropy with 
respect to horizontal hydraulic conductivity within the upper 
Santa Fe Group. Natural microscale layering within upper 
Santa Fe Group sediments and the presence of the fine-grain 
A1 and A2 units within the axial-fluvial sediments create 
anisotropy with respect to vertical hydraulic conductivity. In 
addition to anisotropy resulting from lithologic textures and 
depositional units, the generally north-south striking faults in 
the Middle Rio Grande Basin could impede groundwater flow 
across fault planes primarily by juxtaposition of finer-grain 
units on one side of the fault plane against coarser-grain units 
on the other side of the fault plane (McAda and Barroll, 2002). 
Impedance of east-west groundwater flow would enhance the 
general north-south anisotropy in the aquifer. Linear trends in 
land-surface subsidence and rebound detected by Heywood 
and others (2002, fig. 2B) and by Driscoll and Brandt (2017) 
may indicate that faults influence groundwater flow in eastern 
Albuquerque. Aside from estimates for groundwater-flow 
models, little work has been published regarding horizontal 
anisotropy in the Middle Rio Grande Basin. Data from an 
upper Santa Fe Group aquifer test in Albuquerque near the Rio 
Grande indicated a vertical anisotropy (horizontal hydraulic 
conductivity divided by vertical hydraulic conductivity) of 82:1 
(McAda, 2001). 

While horizontal groundwater flow along the corridor 
of axial-fluvial sediments is relatively unimpeded, vertical 
groundwater flow is generally impeded by lower vertical 
hydraulic conductivities of Santa Fe Group sediments 
(McAda and Barroll, 2002) and, as shown by groundwater 
hydrographs (fig. 6), is substantially impeded by the A1 and 
A2 units. Groundwater-level data from the TR-1A, TR-1B, 
and TR-1C wells (fig. 6) in the Trumbull well cluster (fig. 2) 
with water-intake screens above the A2 unit (TR-1A, shallow), 
between the A1 and A2 units (TR-1B, middle), and below the 
A1 unit (TR-1C, deep) show substantial differences in both 
water levels and the character of water-level response (fig. 
6A) to aquifer stresses such as water-supply well pumping. 
Nearby water-supply wells obtain water from above, below, 
and between the A1 and A2 units. Water-level differences 
between these wells show that, at this location, water levels 
in the deep (TR-1C) well are always higher than those in the 
middle (TR-1B) and shallow (TR-1A) wells (fig. 6B). Water 
levels in the middle well usually are higher than in the shallow 
well, indicating an upward vertical groundwater gradient, 
but there are periods when water levels reverse and water 
levels in the middle well drop below those in the shallow well 
(fig. 6A). During periods when the water levels are reversed, 
the vertical groundwater gradient is oriented downward, and 
groundwater would flow downward were it not impeded by 
the fine-grain A2 unit. The differences in groundwater levels 
above, between, and below the A1 and A2 units provide 
evidence that the vertical hydraulic conductivities of the A1 
and A2 units are substantially lower than for the axial-fluvial 
sediments and that below the A2 unit the aquifer is confined 
or semiconfined.

Groundwater Recharge and Discharge

Components of recharge to and discharge from the 
Santa Fe Group aquifer in relation to Middle Rio Grande 
Basin groundwater-flow models have been discussed 
comprehensively by McAda and Barroll (2002) and Bexfield 
and others (2011). The following discussion summarizes 
components of recharge and discharge; for detailed 
discussions the reader is referred to McAda and Barroll 
(2002), Bexfield and others (2011), and Heywood (2013).

Recharge

Although precipitation in arid environments rarely 
infiltrates more than about 6 ft below land surface before 
evaporating or being used by plants (Walvoord and Phillips, 
2004), focused recharge may occur where water collects in 
stream channels (tributary recharge) or along mountain fronts 
(mountain-front recharge) where the less permeable montane 
rocks meet the more permeable basin-fill sediments (Bartolino 
and Cole, 2002). Recharge also may occur as seepage from 
rivers and canals, from irrigated agriculture areas, from septic 
fields, from water-distribution and sewage-collection systems 
leakage (Heywood, 2013), and from subsurface inflow of 
groundwater at basin margins. 

Persistent flow in minor streams issuing from the west 
side of the Sandia and Manzanita Mountains generally 
does not extend more than a few hundred meters beyond 
the mountain front (Niswonger and Constantz, 2001) and 
is considered a component of mountain-front recharge 
(Anderholm, 2001). Within the Middle Rio Grande Basin, 
flow in the larger drainages, such as the Bear Canyon and 
Tijeras Arroyos (fig. 2), can extend a substantial distance 
into the basin (U.S. Geological Survey, 2017) and has been 
treated separately in groundwater-flow model development 
as tributary recharge (McAda and Barroll, 2002; Bexfield and 
others, 2011). Bear Canyon Arroyo also is the site of the Bear 
Canyon Recharge Project, which is authorized to recharge 
up to 3,000 acre-ft per year (Albuquerque Bernalillo County 
Water Utility Authority, 2016) but currently recharges about 
600 acre-ft per year only during winter months (Katherine 
Yuhas, Albuquerque Bernalillo County Water Utility 
Authority, written commun., 2018). 

Within the Middle Rio Grande Basin, recharge and 
discharge relations among the Rio Grande, its associated 
irrigation canals and drains, and groundwater are complex, 
but there is a net loss of water from this system of water 
conveyances in the Albuquerque reach of the river to the 
Santa Fe Group aquifer (Veenhuis, 2002; Bexfield and 
others, 2011; Rankin and others, 2013, 2016). Increased 
sediment input, channel modifications, construction of dams 
upstream, and decreased peak streamflows have caused the 
Rio Grande channel to aggrade (Swanson and others, 2011), 
resulting in a river channel and river water levels through 
Albuquerque that are higher than the water table on either 
side of the river (Rankin and others, 2013). Drains on either 
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Figure 6.  Groundwater-level hydrographs for Trumbull wells TR-1A, TR-1B, and TR-1C, January 2014 
through December 2016 (U.S. Geological Survey, 2017). The well screen for TR-1A is above the A2 unit, the 
well screen for TR-1B is between the A1 and A2 units, and the well screen for TR-1C is below the A1 unit 
(fig. 3). Location of Trumbull well cluster shown on figure 2. A, Groundwater levels. B, Groundwater-level 
differences. Gaps in the hydrographs indicate periods of missing data. 
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side of the Rio Grande are designed to capture and convey 
shallow groundwater back to the river, but seepage from 
canals outside the drains probably contributes substantial 
amounts of recharge to the aquifer (McAda and Barroll, 2002). 
In addition, the drains only influence shallow groundwater 
(Rankin and others, 2013) and probably do not greatly affect 
deep groundwater flow. While the Rio Grande channel bed and 
surface-water elevations have risen, widespread groundwater 
pumping from the Santa Fe Group aquifer has caused 
groundwater levels to decline (Bexfield and Anderholm, 2002; 
Falk and others, 2011), thus enhancing the loss of water from 
the river to the aquifer.

Irrigated agriculture areas are present, or were present 
in the past, within the Middle Rio Grande Basin along the 
Rio Grande and Jemez River Valleys and in Tijeras Arroyo 
(McAda and Barroll, 2002). A portion of the water applied 
to agriculture areas is assumed to infiltrate below the root 
zone and recharge the aquifer (McAda and Barroll, 2002; 
Bexfield and others, 2011). Application of water to parks, golf 
courses, and other green space in the Albuquerque-Rio Rancho 
metropolitan area may also contribute recharge to the aquifer 
(Heywood, 2013).

Seepage of water from septic fields may be a source of 
recharge in populated areas of the Middle Rio Grande Basin 
without municipal sewers. Rates of recharge from septic 
fields have been estimated on the basis of population density 
and per-person nonconsumptive water use in areas without 
municipal sewers (McAda and Barroll, 2002; Bexfield and 
others, 2011).

Leakage from municipal water-distribution and sewage-
collection systems is another potential source of recharge. 
Areas that have the potential for pipe leakage were determined 
by the extent of Albuquerque and the water and sewer pipes 
as the developed areas expanded through the 20th century 
(Bexfield and others, 2011). 

Another source of water to the Middle Rio Grande Basin 
groundwater-flow model is subsurface inflow that occurs from 
adjacent basins or from water-bearing rock underlying Santa 
Fe Group sediments. Adjacent basins include the San Juan and 
Española Basins (fig. 1). The bordering Sandia, Manzanita, 
and Manzano Mountains (fig. 1) also may contribute 
subsurface inflow to the Middle Rio Grande Basin (Bartolino 
and Cole, 2002; McAda and Barroll, 2002).

Discharge

Currently (2019), discharge from the aquifer in the 
Albuquerque area occurs primarily by seepage to irrigation 
drains and by groundwater pumping (McAda and Barroll, 
2002). Other sources of discharge from the Santa Fe Group 
aquifer include riparian evapotranspiration along the Rio 
Grande and groundwater subsurface outflow from the Middle 
Rio Grande Basin at the southern end of the basin (McAda 
and Barroll, 2002; Bexfield and others, 2011). Prior to the 
beginning of widespread groundwater withdrawals in the 
1960s, however, discharge from the aquifer was primarily by 

evapotranspiration from shallow groundwater along the Rio 
Grande (McAda and Barroll, 2002). Groundwater-level data 
compiled by Bloodgood (1930) between 1918 and 1922 for 
the Albuquerque area and analyzed by Theis (1938) indicate 
very small groundwater gradients away from the Rio Grande 
and a small loss of water from the river to the aquifer. This 
small loss of water likely was a result of evapotranspiration 
uptake of groundwater near the river (Theis, 1938; Bartolino 
and Cole, 2002). After construction of the Middle Rio Grande 
irrigation system in the 1930s, the Albuquerque reach of the 
Rio Grande continued to lose water to the aquifer (Theis, 
1938, pl. 6; Bexfield and Anderholm, 2000). Currently (2019) 
the Albuquerque reach of the Rio Grande loses water to the 
aquifer; some of this water is captured by irrigation drains, 
and some moves farther into the aquifer in response to 
groundwater pumping (McAda and Barroll, 2002). Subsurface 
outflow of groundwater occurs at the southern end of the 
Middle Rio Grande Basin but is a relatively minor component 
of discharge from the aquifer (Kernodle and Scott, 1986; 
Sanford and others, 2004; Bexfield and others, 2011).

Hydrochemical Zones

Hydrochemical zones, areas of groundwater with distinct 
chemical and isotopic characteristics defined by Plummer 
and others (2004), provide insight into likely sources of 
recharge and general groundwater-flow paths within the 
Middle Rio Grande Basin. Three hydrochemical zones are 
present in the local-scale model area (fig. 7) including the 
central, eastern mountain-front, and Tijeras Arroyo zones. 
The eastern mountain-front zone borders the Sandia and 
Manzanita Mountains on the east and the central zone on the 
west. In the local-scale model area, the eastern mountain-
front zone is split by the Tijeras Arroyo zone where it extends 
west from the mountains into the Middle Rio Grande Basin. 
The central zone borders the eastern mountain-front zone on 
the east and extends west of the Rio Grande (fig. 1) in the 
Albuquerque area. The Tijeras Arroyo zone extends west from 
the mountains to the central zone boundary. The boundary 
between the central and eastern mountain-front zones extends 
from the southwest to the northeast in the local-scale model, 
passing just east of the EDB plume and near the Trumbull, 
Cesar Chavez, and Southern observation well clusters and the 
K-3, K-16, LV-8, RC-5, RC-4, and other water-supply wells 
(fig. 7).

Plummer and others (2004) stated that recharge to 
the eastern mountain-front zone most likely is from water 
recharged along the mountain fronts and from subsurface 
groundwater inflow from the east. Recharge to the Tijeras 
Arroyo zone most likely is from infiltration of surface water 
from Tijeras Arroyo, subsurface groundwater inflow from 
the Tijeras Arroyo watershed, and mountain-front recharge 
(Plummer and others, 2004). Recharge to the central 
zone most likely is from the Rio Grande (Plummer and 
others, 2004). 
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Figure 7.  Hydrochemical zones (Plummer and others, 2004), potentiometric contours and areas of water-level drawdown 
in 2008 (Falk and others, 2011), and ethylene dibromide (EDB) plume (U.S. Army Corps of Engineers, 2017b) in the local-scale 
model area.
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Water-Level and Groundwater-Flow Changes

Because of groundwater pumping in the Middle Rio 
Grande Basin, water levels in many areas have declined 
and groundwater-flow directions have changed since the 
beginning of widespread development of groundwater 
resources in the 1960s. Prior to widespread development of 
groundwater resources, groundwater in the basin flowed away 
from recharge sources in adjacent upland and mountainous 
areas to the west and east, moved generally south along 
the river valley, and ultimately discharged to the river 
south of Albuquerque (Bexfield and Anderholm, 2000). 
After widespread groundwater development and pumping, 
groundwater levels have declined over much of the basin, but 
especially in the Albuquerque-Rio Rancho metropolitan area. 
By 2008, groundwater levels had declined more than 100 ft in 
southeastern Albuquerque within the local-scale model area 
(Falk and others, 2011) (fig. 7). The drawdown in southeastern 

Albuquerque caused groundwater flow in areas southwest of 
the area of drawdown to reverse direction from southwesterly 
to northeasterly (McAda and Barroll, 2002; Falk and others, 
2011; Rice and others, 2014). Changes of groundwater-flow 
direction occurred first near clusters of water-supply wells and 
then propagated outward over time such that the reversal of 
groundwater-flow direction occurred in the BFF area in about 
1980 (Rice and others, 2014). 

In late 2008, the Water Authority began utilizing SJC 
surface water for public supply (Powell and McKean, 
2014). By 2014 groundwater pumping from Water Authority 
water-supply wells was less than half of what it was in 2008 
(Albuquerque Bernalillo County Water Utility Authority, 
2016, fig. 4.5). As a result of decreased pumping, water levels 
in southeastern Albuquerque began to rise in early 2009 
(fig. 8) and were still rising at the end of 2016 (Galanter and 
Curry, 2019).
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Figure 8.  Daily mean and annual (water year) depth to groundwater in the deep and 
shallow Jerry Cline wells (JC-1 and JC-3, respectively; location of well cluster shown on 
fig. 2), January 1, 2005–December 31, 2016 (U.S. Geological Survey, 2017), an example of 
water-level rise in southeastern Albuquerque after the Albuquerque Bernalillo County 
Water Utility Authority began using surface water for part of the municipal supply. 
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Aquifer Properties
Properties affecting groundwater flow and storage 

in the upper Santa Fe Group aquifer include hydraulic 
conductivity, specific storage, specific yield, horizontal and 
vertical anisotropy, and effective porosity. Santa Fe Group 
aquifer properties for the Middle Rio Grande Basin have 
been compiled by McAda and Barroll (2002) and refined 
by Bexfield and others (2011) and Heywood (2013) for 
groundwater-flow models of the basin. Ranges of aquifer 
properties are summarized in table 4. For detailed descriptions 
of aquifer properties the reader is referred to McAda and 
Barroll (2002), Bexfield and others (2011), and Heywood 
(2013). The application of aquifer properties in the local-scale 
model is described in the “Hydraulic Parameters” section of 
this report.

Formation of the EDB Plume
Although the extent of the EDB plume may not be fully 

characterized, certain logical constraints can be placed on 
EDB plume development. Because groundwater did not begin 
to flow northeast at the BFF until about 1980 and because 
the movement of EDB dissolved in groundwater is largely 
controlled by advective groundwater flow (U.S. Army Corps 
of Engineers, 2017a), the extent of the plume as mapped in 
December 2016 could not have developed prior to 1980. 
Although the date when fuel with EDB reached the water table 
is unknown, BFF storage of fuel with EDB was discontinued 
after 1975 (U.S. Army Corps of Engineers, 2017a), so the 
fuel leak had to have started prior to 1975. For this report, we 
assume that fuel with EDB reached the water table prior to 
1980 and that the 5,800-ft extent of the plume northeast of the 
BFF (fig. 2), as mapped in December 2016 (U.S. Army Corps 
of Engineers, 2017b), has formed since about 1980. 

Numerical Groundwater-Flow Model 
Development and Calibration

The regional groundwater-flow model for the Middle Rio 
Grande Basin, first developed by McAda and Barroll (2002) 
and modified by Bexfield and others (2011), was updated for 
this study. The updated regional groundwater-flow model used 
for this study will hereinafter be referred to as the “updated 
regional model.” The smaller child model developed for 
this study will hereinafter be referred to as the “local-scale 
model.” Groundwater levels and flows were simulated in the 
fine-gridded local-scale model and the surrounding coarse-
gridded regional model by using a three-dimensional finite-
difference numerical program, MODFLOW–LGR2 (Mehl 
and Hill, 2013). Similar to the Bexfield and others (2011) 
model, grid cell size in the updated regional model was 500 
meters (m) (about 1,640 ft) on each side. Grid cell size in 
the local-scale model was 125 m (about 410 ft) on each side. 

Input and output files for the updated regional and local-scale 
models are provided in an associated USGS data release 
(Friesz and Myers, 2019). MODFLOW–LGR2 is a version 
of MODFLOW-2005 that enables two-way iterative coupling 
of separate MODFLOW–2005 (Harbaugh, 2005) models for 
accurate heads and fluxes along the interface between the 
models. Hydraulic properties and stresses representing the 
groundwater system in the local-scale model in some cases 
differ from those used to represent the aquifer in the updated 
regional model. Two-way coupling provided by MODFLOW–
LGR2 ensures that both models have consistent heads and 
fluxes along their adjoining interfaces. This coupling of the 
two models also is important because the updated regional 
model extends to natural features that serve as hydrologic 
boundaries. After model calibration by nonlinear regression, 
the local-scale model can be run independently of the updated 
regional model with specified transient heads around the 
perimeter of the local-scale model. Head distributions and 
groundwater flows between model cells can be used to 
simulate and visualize advective groundwater-flow paths by 
using the particle-tracking program MODPATH (Pollock, 
1994). In addition to using groundwater-level observations 
to constrain the model solution during calibration, an 
advective-transport observation of the conservative EDB 
plume was incorporated into the calibration by comparison 
of particle-track distance and direction to the December 2015 
plume migration distance and direction (U.S. Army Corps 
of Engineers, 2016c). Areas contributing recharge (ACRs) 
and zones of contribution (ZOCs) to selected water-supply 
wells for historical pumping conditions and for potential 
future pumping scenarios were then simulated by using the 
calibrated model and particle-tracking simulations. The ACR 
to a water-supply well is defined as the surface area at the 
water table where water entering the groundwater system 
eventually flows to the well (Reilly and Pollock, 1993). The 
ZOC is the three-dimensional volumetric part of the aquifer 
through which groundwater flows to the well from the ACR 
(Morrissey, 1989)

Description and Modification of the Updated 
Regional Model

The updated regional groundwater-flow model used in 
this study to simulate groundwater flow in Santa Fe Group 
sediments of the Middle Rio Grande Basin was first developed 
by McAda and Barroll (2002) and later modified by Bexfield 
and others (2011) to include simulation of 8.8 additional years 
of groundwater withdrawal data, smaller grid cells, leakage 
from water-distribution and sewage-collection systems in the 
Albuquerque area, and the use of the Multi-Node Well version 
1 (MNW1) package (Halford and Hanson, 2002). The McAda 
and Barroll (2002) model used MODFLOW–2000 software 
(Harbaugh and others, 2000), whereas the Bexfield and others 
(2011) model used MODFLOW–2005 software (Harbaugh, 
2005). The following overview of the 2,346-mi2 Bexfield 
and others (2011) model provides background information 
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Table 4.  Ranges of aquifer properties in the Middle Rio Grande Basin, New Mexico.

Geologic unit Range of reported values Source

Hydraulic conductivity (feet per day)

Rio Grande alluvium 0.5–40 Kernodle and others, 1995; Kernodle, 1998.

Upper Santa Fe Group, piedmont-slope facies 4–15 Thorn and others, 1993; Connell and others, 1998; McAda, 2001.

Upper Santa Fe Group 1.3–150 Thorn and others, 1993; Kernodle and others, 1995; Kernodle, 1998; Ellinger, 2013; U.S. Army 
Corps of Engineers, 2016a.

Middle Santa Fe Group 4–11 Kernodle and others, 1995; Kernodle, 1998; McAda, 2001.

Lower Santa Fe Group 2–10 Kernodle and others, 1995; Kernodle, 1998.

Specific storage (per foot)

Santa Fe Group 1.2 x 10–6 – 2 x 10–6 Heywood, 1998, 2001; McAda, 2001.
Specific yield (dimensionless)

Santa Fe Group 0.15–0.20 Kernodle and others, 1995; Tiedeman and others, 1998; Barroll, 2001.

East-west to north-south anisotropy ratio (dimensionless)

Santa Fe Group 1:1–5:1 McAda and Barroll, 2002.

Horizontal to vertical anisotropy ratio (dimensionless)

Santa Fe Group 82:1–3,500:1 Kernodle and others, 1995; Tiedeman and others, 1998; McAda, 2001.

Total porosity

Santa Fe Group 0.30–0.40 Bexfield and others, 2011; Ellinger, 2013.

Effective porosity

Santa Fe Group 0.27 Ellinger, 2013. 
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for this study’s updated regional model and the design of the 
embedded local-scale model.

The Bexfield and others (2011) regional model simulated 
groundwater flow in the basin-fill sediments by using nine 
model layers (fig. 9A) with uniformly spaced horizontal model 
cells of 500 by 500 m. In the vertical dimension, the nine-
layer model extended from land surface to the consolidated 
pre-Santa Fe Group bedrock surface; the total thickness of 
the model in some areas was greater than 2.5 miles (mi). 
The Bexfield and others (2011) regional model included 
a predevelopment steady-state simulation of average 
hydrologic conditions prior to 1900 followed by a transient 
simulation of changing hydrologic conditions from 1900 
through 2008. Mean annual conditions were simulated for 
5-year periods from 1900 through 1974 and 1-year periods 
from 1975 through 1989. Seasonal conditions (winter and 
irrigation seasons) were simulated from 1990 through 2008. 
Aquifer hydraulic properties were adjusted during model 
calibration by use of 1,818 groundwater levels, which helped 
to constrain the model solution. Hydrologic boundaries, 
which represent sources of recharge and discharge to the 
aquifer, were specified in the model and were not adjusted 
during calibration. 

Hydrologic processes of recharge, evapotranspiration 
from the water table, well withdrawals, and the interaction 
between the aquifer and surface water were simulated in the 
Bexfield and others (2011) regional model. Simulated water 
inflow to the model included recharge from mountain fronts 
and associated tributaries, canals and surface application 
of irrigation, septic-field infiltration, and water-distribution 
and sewage-collection systems leakage. Inflow to the model 
also included subsurface flow from adjacent basins along 
the perimeter of the model. Simulated water outflow from 
the model included evapotranspiration along the Rio Grande 
and pumping by domestic, municipal, commercial, and 
industrial supply wells. Aquifer and surface-water interaction 
was simulated for rivers, lakes, reservoirs, and drains. The 
model net inflow and outflow rates (Bexfield and others, 
2011) for the steady-state and selected transient simulations 
are shown in table 5. Discharge from the aquifer to streams 
and to aquifer storage was small and was accounted for in 
the model inflow terms (Bexfield and others, 2011). Of the 
169 cubic feet per second (ft3/s) total net inflow for steady-
state pre-1900 conditions, 58.5 percent was from rivers, lakes, 
and reservoirs, 24.3 percent was from subsurface inflow, and 
17.2 percent was from mountain-front and tributary recharge 
(table 5). Simulated mean net outflow (170 ft3/s) in the steady-
state model was all from riparian evapotranspiration. Of the 
652 ft3/s total net inflow for the selected transient simulation 
(November 1, 1998, to October 31, 1999—winter and 
irrigation stress periods), 67.8 percent was from river, lake, 
reservoir, and canal seepage, 10.7 percent was from subsurface 
inflow and mountain-front and tributary recharge, 10.0 percent 
was from irrigated agriculture and septic-field seepage and 
water-distribution and sewage-collection systems leakage, and 
11.5 percent was from release of water from aquifer storage 
(table 5). Of the mean net outflow (653 ft3/s) for the selected 

transient simulation 48.1 percent was from discharge to drains, 
32.8 percent was from groundwater withdrawal by wells, and 
19.1 percent was from riparian evapotranspiration. 

For the Bexfield and others (2011) model, simulated 
horizontal hydraulic conductivity in the Santa Fe Group 
sediments ranged from 0.05 to 51 feet per day (ft/d) along 
model rows. Horizontal anisotropy, expressed as the ratio of 
model column to model row hydraulic conductivity, ranged 
from 1 to 5, and the anisotropic ratio of horizontal to vertical 
hydraulic conductivity ranged from 1.1 to 132 in the model. 
Uniform values of specific yield and specific storage of 0.20 
and 2×10-6 ft-1, respectively, represented the aquifer.

The updated regional model used in this study is based 
on the Bexfield and others (2011) model. For this study, 
the simulation period was extended from December 2008 
to October 31, 2013 (adding five winter and five irrigation 
seasons). The MNW1 package (Halford and Hanson, 2002), 
used in the Bexfield and others (2011) model to simulate 
the generally high-capacity municipal, commercial, and 
industrial wells, was replaced in the updated regional model 
with the revised Multi-Node Well MNW2 (MNW2) package 
(Konikow and others, 2009). Lastly, subsurface recharge from 
adjacent basins at the perimeter of the updated regional model, 
simulated in the Bexfield and others (2011) model by using the 
original MODFLOW Well package, was simulated by using 
the MNW2 package to inject water along the model boundary. 
The boundary fluxes from the last two stress periods of the 
Bexfield and others (2011) model were extended through the 
December 2008 simulation period to October 31, 2013. To 
ensure that the conversion from the MNW1 package to the 
MNW2 package was accurate, simulations were conducted 
by using both the Bexfield and others (2011) model and this 
study’s updated regional model. Water budgets extracted from 
both models for the January–December 1989 stress period 
showed that total MNW1 package inflows and outflows for the 
Bexfield and others (2011) model were 44.14 and 202.84 ft3/s, 
respectively. In comparison, total MNW2 package inflows 
and outflows for the updated regional model were 44.16 and 
202.81 ft3/s, respectively. The differences between MNW1 
and MNW2 inflows and MNW1 and MNW2 outflows, 0.02 
and 0.03 ft3/s, respectively, are less than the combined model 
budget closure error calculated by using Taylor’s (1997, p. 60) 
equation for cumulative uncertainty:

CU u u un= + +…+
1

2

2

2 2

 ,                   
(1)

where
 
	 CU � 	 is the cumulative uncertainty, in cubic feet per 

second; and 
 	 un 	 is the model budget closure error for each 

model, in cubic feet per second. 

With equation 1 and model budget closure errors of 0.34 
ft3/s for the Bexfield and others (2011) model and 8.8×10-5 ft3/s 
for the updated regional model, the combined model budget 
closure error is about 0.34 ft3/s. 
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Figure 9.  Layer thicknesses in A, the updated regional model (modified from Bexfield and others, 
2011, fig. 2.13) and B, the local-scale model.—Continued
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Table 5.  Net water budget values for the regional and local-scale models.

[–, not applicable; <, less than; NP, inflow or outflow feature not present in local-scale model]

Regional model (Bexfield and others, 2011)

Steady-state model (pre-1900)
Transient model, November 1, 1998–October 31, 1999  

(winter and irrigation stress periods)

Local-scale model, November 1, 
1998–October 31, 1999 (winter and 

irrigation stress periods)

Selected transient

Net flow (million 
cubic meters per 

year)

Net flow (cubic 
feet per second)

Percent of net 
inflow or outflow

Mean net flow 
(million  cubic 

meters per year)

Mean net flow 
(cubic feet per 

second)

Percent of mean 
net inflow or 

outflow

Mean net flow 
(cubic feet per 

second)

Percent of mean 
net inflow or 

outflow

Model inflow

Mountain-front recharge 15 17 10.1 15 17 2.6 0.16 0.17

Tributary recharge 11 12 7.1 11 12 1.8 0.68 0.72

Water-distribution and sewage-
collection systems leakage

0 0 0 14 16 2.4 2.5 2.65

Irrigated agricultural seepage 0 0 0 41 46 7.1 0.00035 <0.01

Septic-field seepage 0 0 0 3 3 0.5 0.034 0.04

Aquifer storage – – – 67 75 11.5 14 14.83

Subsurface inflow 37 41 24.3 37 41 6.3 177 81.59

Canal seepage 0 0 0 115 129 19.8 NP NP
Rio Grande and Cochiti Lake 

seepage
74 83 49.1 264 295 45.2 NP NP

Jemez River and Jemez Can-
yon Reservoir seepage

14 16 9.4 16 18 2.8 NP NP

Total inflow2 151 169 100 583 652 100 94.37 100

Model outflow

Groundwater withdrawal 0 0 0 191 214 32.8 94.35 99.49

Subsurface outflow 0 0 0 0 0 0 10.48 0.51

Riverside drains 0 0 0 148 166 25.4 NP NP

Interior drains 0 0 0 132 148 22.7 NP NP
Riparian evapotranspiration 152 170 100 112 125 19.1 NP NP
Total outflow2 152 170 100 583 653 100 94.83 100

1Subsurface inflow to and outflow from the local-scale model is flow exchanged between the updated regional model and the local-scale model.
2Discrepancies between inflow and outflow values resulted from flow-rate rounding and model volumetric budget discrepancies.
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Local-Scale Model Design

The local-scale model encompasses 190 square 
kilometers (73.2 mi2)—10 kilometers (about 6.2 mi) from 
west to east and 19 kilometers (about 11.8 mi) from north 
to south in southeastern Albuquerque (figs. 1 and 2). The 
spatial distribution of natural and anthropogenic sources 
of vertical recharge in the local-scale model was inherited 
from the updated regional model. Most of the distribution 
of hydraulic properties was also inherited from the updated 
regional model, except for horizontal hydraulic conductivity 
which was a model calibration parameter. As discussed in the 
“Estimation of Parameters” section of this report, selected 
hydraulic properties were represented by model parameters for 
calibration by nonlinear regression. 

Spatial and Temporal Discretization

The local-scale model replaced the top six layers of a 
38 row by 20 column block (blue box on fig. 9A) of the nine-
layer updated regional model in southeastern Albuquerque 
(figs. 1 and 2). Only the top six layers of the updated regional 
model were refined because the large-capacity water-supply 
wells are screened in these layers and because the bottom 
three layers of the updated regional model, in conformity to 
the shape of the bedrock surface, do not extend as far to the 
east as the upper six layers (fig. 9). The numerical code of the 

local grid refinement requires each local-scale model layer to 
have the same quantity of rows and columns. Of the six layers, 
the top three layers were refined horizontally, and the bottom 
three layers were refined both horizontally and vertically. In 
comparison to the updated regional model grid, the local-
scale model had a 4 to 1 horizontal refinement ratio, resulting 
in a grid of 152 rows and 80 columns, with each cell 125 m 
(about 410 ft) on a side. The top 3 layers were not vertically 
refined, whereas the bottom 3 layers were vertically refined 
into 18 local-scale model layers (table 6, figs. 9B and 10). 
With vertical refinement ratios ranging from 1 to 1 and 8 to 1 
(table 6), the horizontal and vertical refinements resulted in a 
local-scale model with 255,360 cells instead of the 4,560 cells 
of the updated regional model within the boundary of the 
local-scale model.

As required by the local grid refinement code, the 
local-scale model and updated regional model had the same 
temporal discretization. The initial steady-state stress period 
representing predevelopment conditions was followed by 
78 transient stress periods from 1900 to October 31, 2013, 
which covers the historical development of the aquifer. 
Fifteen 5-year stress periods simulated 1900 through 1974, 
and 15 annual stress periods simulated 1975 through 1989. 
Following a short stress period for January 1–March 15, 1990, 
stress periods represented 24 irrigation seasons and 23 winter 
seasons. The irrigation seasons represent March 16–October 31, 
and the winter seasons represent November 1–March 15. 

Table 6.  Vertical refinement of local-scale model layers with respect to the updated regional model.

Regional model  
layer number

Vertical refinement  
ratio

Local-scale model 
 layer numbers

Local-scale model
 layer thickness,  

in feet

1 1:1 1 61.3–830

2 1:1 2 49.7–54.3

3 1:1 3 99.4–109

4 4:1 4–7 54.7–59.7

5 8:1 8–15 49.7–54.3

6 6:1 16–21 100
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Figure 10.  A, East-west hydraulic conductivity and B, the distribution of hydraulic parameters for local-scale model 
rows 1–88, columns 1–80, and layers 1–21. The A1 and A2 units are represented in the local-scale model by zones of 
lower hydraulic conductivity and by the Ka2a1 parameter. Vertical exaggeration is 10 times horizontal.
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Local-Scale Model Inflow and Outflow
In the local-scale model area, simulated inflow to the 

model is from recharge (mountain-front recharge, tributary 
recharge, leakage from water-distribution and sewage-
collection systems, irrigated agriculture seepage, septic-field 
seepage), from aquifer storage, and from subsurface inflow 
of groundwater from the updated regional model (table 5). 
Canals, lakes, rivers, and reservoirs are not present within the 
local-scale model area. Outflow from the local-scale model 
is from groundwater withdrawals by water-supply wells 
and from subsurface outflow of groundwater to the updated 
regional model (table 5). Riverside and interior drains and 
riparian evapotranspiration are not present within the local-
scale model. Recharge to the model was simulated by using 
specified fluxes, whereas the groundwater withdrawals were 
simulated by using a head-dependent flux boundary. The 
spatial distribution of recharge fluxes in the local-scale model 
was not adjusted for the smaller grid size and so is spatially 
identical to recharge fluxes in the updated regional model. 
The vertical locations of groundwater withdrawals were 
adjusted on the basis of well-screen locations and the vertical 
refinement of the local-scale model layers. Domestic well 
pumping was not included in the local-scale model because 
only a small amount of pumping would have been present in 
the northeast corner of the model.

Runoff from the Sandia Mountains, providing both 
mountain-front and tributary recharge, is the only natural 
recharge in the local-scale model area and thus is the only 
inflow simulated during the steady-state predevelopment stress 
period. For the transient simulation representing 1900–2013, 
urban and agricultural land uses have the potential to recharge 
the aquifer. Although there are multiple sources of recharge 
to the local-scale model area, most simulated groundwater 
originates in the updated regional model before entering 
the local-scale model through the regional- and local-scale 
model boundary as subsurface inflow (table 5). Simulated 
outflow from the local-scale model is almost entirely from 
groundwater withdrawals. Additional details of the methods 
to determine the location and quantity of recharge and 
discharge beyond what is included in the subsequent sections 
are available in McAda and Barroll (2002) and Bexfield and 
others (2011).

Model Inflow

Mountain-Front and Tributary Recharge

Recharge originating from the Sandia Mountains east of 
the local-scale model enters the aquifer through two processes, 
mountain-front recharge and tributary recharge. Mountain-
front recharge results from groundwater and surface-water 
runoff from the Sandia Mountains that infiltrates along the 
boundary between the Middle Rio Grande Basin and adjacent 
mountains. Tributary recharge along Tijeras Arroyo (fig. 11) 
results from infiltration of streamflow along the arroyo 
channel. Infiltration occurs because of transmissive sediments 

in the arroyo and because groundwater levels are lower than 
the channel bed of the arroyo. 

Inflow from mountain-front recharge occurs in the 
southeastern part of the local-scale model (fig. 11A), where 
the extents of the local-scale model and updated regional 
model coincide (fig. 1). Simulated mean net inflow from 
mountain-front recharge was 0.16 ft3/s for the November 
1, 1998, to October 31, 1999 (winter and irrigation), stress 
periods or about 0.17 percent of the total simulated mean net 
inflow to the local-scale model (table 5). Simulated mean 
net inflow from tributary recharge was 0.68 ft3/s for the 
November 1, 1998, to October 31, 1999, stress periods, or 
about 0.72 percent of the total simulated inflow to the local-
scale model (table 5).

Leakage From Water-Distribution and Sewage-Collection 
Systems

Areas in the local-scale model that have the potential for 
leakage from water-distribution and sewage-collection systems 
were the same as simulated in the Bexfield and others (2011) 
model. As the developed parts of Albuquerque expanded, the 
area of simulated leakage from these systems generally spread 
from southwest to northeast in the local-scale model (fig. 
11). Similar to the Bexfield and others (2011) model, inflow 
(leakage) from the expanding water-distribution and sewage-
collection systems was simulated in the updated regional and 
local-scale models for four time periods: 1900–49, 1950–69, 
1970–90, and 1991–2013 (fig. 11). Inflow from leakage was 
distributed homogenously over the area of the expanding 
water-distribution and sewage-collection systems and not at 
discrete points. Water not accounted for in the water-distribution 
system (for example, pipe leakage, meter inaccuracies, 
unauthorized use) has been estimated to range from 4.8 to 
15.4 percent (New Mexico Environmental Finance Center, 
2006). Heywood (2013) arrived at a water-distribution and 
sewage-collection systems leakage of 3.3 percent of Water 
Authority groundwater withdrawals by model calibration for 
an area between the Rio Grande and this study’s local-scale 
model area. More recently the Water Authority estimated real 
water losses (leakage from pipes, leakage and overflow at 
storage tanks, and leaks at service connections) for the water-
distribution system to be 5 percent (Albuquerque Bernalillo 
County Water Utility Authority, 2016, chapter 2, p. 13). 
Based on the New Mexico Environmental Finance Center 
(2006) report, leakage in the regional model of Bexfield and 
others (2011) for both the water-distribution and sewage-
collection systems was specified as 10 percent of Water 
Authority groundwater withdrawals for each stress period. 
The 10 percent value was retained in the updated regional 
model for this study. But, based on the Heywood (2013) value 
of 3.3 percent and the Albuquerque Bernalillo County Water 
Utility Authority (2016) value of 5 percent, a leakage value 
of 5 percent of Water Authority groundwater withdrawals 
was used in the local-scale model to simulate the combined 
water-distribution and sewage-collection systems leakage and 
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Figure 11.  Spatial and temporal distribution of simulated recharge sources from A, mountain-front and tributary recharge and 
water-distribution and sewage-collection systems leakage; B, irrigated agriculture seepage; and C and D, septic-field seepage 
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resulting aquifer recharge. No attempt was made to estimate 
the amount of leakage separately attributable to the water-
distribution or sewage-collection systems. Simulated mean 
net inflow from water-distribution and sewage-collection 
systems leakage was 2.5 ft3/s for the November 1, 1998, to 
October 31, 1999, model stress periods, or 2.65 percent of 
the total simulated mean net inflow to the local-scale model 
for this time period (table 5). The leakage value of 2.5 ft3/s is 
less than 5 percent of groundwater withdrawals because the 
groundwater withdrawals term in table 5 includes industrial, 
domestic, and other withdrawals in addition to Water 
Authority withdrawals. 

Irrigated Agriculture Seepage

Recharge from irrigated agriculture seepage occurs where 
water is applied to land surface for the purpose of irrigating 
crops. The spatial distribution of irrigated agriculture areas 
for three time periods (1950–64, 1965–83, and 1984–2013) 
(fig. 11B) indicates that most simulated recharge was in the 
northwest and southwest parts of the local-scale model area 
during 1950–83. For 1990 and later, recharge from irrigated 
agriculture seepage was only simulated during the stress 
periods representing the irrigation seasons. An average 
recharge rate of 5.9 in/yr from irrigated agriculture seepage 
was calculated by McAda and Barroll (2002). Bexfield and 
others (2011) used the McAda and Barroll (2002) irrigated 
agriculture seepage recharge rate of 5.9 in/yr and the 
percentage of a model cell with agriculture for selected periods 
to calculate the inflow to their model. Simulated recharge from 
irrigated agriculture seepage in the local-scale model was 
0.00035 ft3/s (less than 0.01 percent of mean net inflow) from 
November 1, 1998, to October 31, 1999 (table 5).

Septic-Field Seepage

Similar to the updated regional model, inflow to the local-
scale model from septic fields was simulated in populated 
areas without sewage-collection systems. The spatial 
distribution of septic-field seepage for four periods (1960–74, 
1975–84, 1985–2000, and 2000–13) (fig. 11C and D) indicates 
that most inflow is in the north and southwest parts of the 
local-scale model. Simulated mean net inflow from septic-
field seepage was 0.034 ft3/s for the November 1, 1998, to 
October 31, 1999, stress periods or about 0.04 percent of the 
mean net inflow to the local-scale model (table 5).

Aquifer Storage and Subsurface Inflow

As groundwater levels rise in an aquifer, the amount 
of water in storage increases. Conversely, as groundwater 
levels fall, the amount of water in storage decreases. Because 
less groundwater is pumped during the winter than summer, 
groundwater levels in the local-scale model area rise during 
the winter and fall during summer. From November 1, 1998, 
to October 31, 1999, groundwater levels fell more than they 
rose, so although there was a small increase in aquifer storage 

when water levels rose during winter, the cumulative changes 
resulted in decreased storage. The net decrease in aquifer 
storage was accounted as a mean net inflow to the local-scale 
model of 14 ft3/s or 14.83 percent of the mean net inflow to the 
model (table 5).

Subsurface inflow to the local-scale model by far 
accounted for the majority of inflow to the local-scale model. 
All of the subsurface inflow was water exchanged between 
the regional and local-scale models. Subsurface inflow was 
77 ft3/s or about 81.59 percent of the mean net inflow to the 
model (table 5).

Model Outflow

Most of the simulated groundwater withdrawals for 
public-supply and commercial uses were for long-screen, 
high-capacity water-supply wells. The head-dependent MNW2 
package (Konikow and others, 2009) allows for withdrawals 
from wells screened through multiple model cells. Total 
withdrawal from a well is specified in the model, but the 
contribution of pumped water from each layer is dependent 
on aquifer hydraulic conductivity and the hydraulic gradient 
between the aquifer and the well. A total of 95 water-supply 
wells were simulated in the local-scale model area (fig. 12), 
beginning with 5 wells in the 1945–49 stress period. Simulated 
groundwater withdrawals from water-supply wells in the 
local-scale model ranged from 0.85 million gallons per day 
(1.3 ft3/s) in 1945–49 to 83 million gallons per day (128 ft3/s) 
in the 1993 irrigation season (Friesz and Myers, 2019). The 
groundwater withdrawal rate was 94.35 ft3/s for the November 
1, 1998, to October 31, 1999, stress periods or 99.49 percent 
of the mean net outflow from the local-scale model (table 5). 

As the inflow and outflow numbers show, almost 
all of the inflow to the local-scale model exits the model 
by groundwater withdrawals. Only a very small amount 
(0.48 ft3/s or 0.51 percent of mean net outflow) of water exits 
the local-scale model by subsurface outflow to the updated 
regional model. 

Hydraulic Parameters
Hydraulic properties of the aquifer to transmit and 

store water were defined by model parameters (table 7, 
fig. 10B). Hydraulic conductivity parameters were assigned 
on the basis of lithologic units. The spatial distribution of 
horizontal hydraulic conductivity parameters in the updated 
regional model, inherited from the McAda and Barroll 
(2002) and Bexfield and others (2011) models, was largely 
based on a three-dimensional digital geologic model of the 
hydrostratigraphic units developed by Cole (2001). This same 
distribution was used in the east and lower part of the local-
scale model and generally represented fine- to medium-grain 
basin-fill sediments (parameters Ksilts, Ksdfm, Ksdm, Ksdmc, 
and Kpdmt; table 7, fig. 10B). Two additional parameters, 
Kmult and Ka2a1 (table 7, fig. 10B), represented horizontal 
hydraulic conductivity for the coarser- and finer-grain 
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axial-fluvial sediments in the local-scale model. Parameter 
Kmult represented the coarse- to very coarse-grain axial-
fluvial sediments (figs. 3, 5, and 10), and parameter Ka2a1 
represented the predominantly fine-grain A1 and A2 layers 
(figs. 3, 4, and 10). The Ka2a1 parameter was incorporated 
into the local-scale model for all of the DEM area in figure 
4 and, for continuity within the model, was extended south 
from the southern edge of the DEM to the southern edge of the 
local-scale model. Parameter Kmult defined a dimensionless 
parameter that was used to multiply spatially varying 
hydraulic conductivity values that were interpolated from the 
hydraulic conductivity contours (fig. 5) to populate the local-
scale model cells (fig. 10A). Uniform values of horizontal 
hydraulic conductivity were used in each vertical stack of 
cells that represent coarse-grain sediments (fig. 10B). A Kmult 
value of 1 would be equal to the hydraulic conductivity values 
defined by the contours. Interpolated values assigned to model 
cells based on the hydraulic conductivity contours (fig. 5) 
ranged from 14 to 115 ft/d and averaged 67 ft/d. The top end 
of this range is smaller than shown in figure 5 because data for 
the VH-1, VH-2, and KAFB-106228 wells were not available 
when the interpolation was done.

The seven parameters (Ksilts, Ksdfm, Ksdm, Ksdmc, 
Kmult, Kpdmt, and Ka2a1) were used to represent horizontal 
hydraulic conductivity along the east-west local-scale model 
rows (perpendicular to the valley axis) for various lithologic 
units. Because the pattern of deposition in the Middle Rio 
Grande Basin was generally oriented north to south, a 
parameter representing horizontal anisotropy (HANIyes, table 
7) was assigned to most sediments. Horizontal anisotropy is 
defined as the ratio of hydraulic conductivity along model 
columns (north-south direction) to hydraulic conductivity 
along model rows (west-east direction). The piedmont-slope 
sediments near the basin margin were specified as horizontally 
isotropic (parameter HANIno, table 7).

Local-scale interfingering of higher and lower hydraulic 
conductivity sediments, as well as broader-scale stratification 
of sedimentary layers, can cause higher values of hydraulic 
conductivity in the horizontal direction compared to 
the vertical direction. The ratio of horizontal hydraulic 
conductivity along the east-west oriented rows to vertical 
hydraulic conductivity for the basin-fill sediments was 
represented by parameter VANIyes (table 7). 

Water enters or leaves storage in confined model layers 
(specific storage) as a result of compression or expansion 
of the water and aquifer sediments, but in an unconfined 
model layer, water enters or leaves storage (specific yield) 
predominantly as a result of water filling or draining the 
pore spaces in aquifer sediments at the water table (Lohman, 
1979). Parameter SY (table 7) was used to represent a uniform 
specific yield for the uppermost active cells, and parameter 
SSall was used to represent specific storage for the lower, 
confined local-scale model cells.

Finally, for the particle-tracking analysis, in addition 
to heads and fluxes from the local-scale model, a parameter 
for effective porosity (table 7) was used to help calibrate 

the model and to calculate groundwater-flow velocities. The 
effective porosity parameter was represented by a uniform 
value for the local-scale model.

Local-Scale Model Calibration

The local-scale model was calibrated with the inverse 
modeling program UCODE–2005 (Poeter and others, 2005; 
Hill and Tiedeman, 2007) by using nonlinear regression 
that minimizes the differences, or residuals, between field 
(observed) measurements and their simulated equivalents 
to obtain an optimal set of parameter values. Two types 
of observations, groundwater levels and advective transport 
based on the EDB plume, were used in local-scale 
model calibration.

The quality of this calibration was determined by the 
accuracy of the estimated parameter values and by analysis 
of the residuals. Some parameters, however, might be 
insensitive to the available observations, and some parameters 
might be highly correlated with each other and therefore 
cannot be estimated by nonlinear regression. Values from 
the updated regional model and the literature were used to 
specify parameter values that could not be estimated by 
nonlinear regression.

Observations

Hydraulic parameter values in the local-scale model 
were estimated by use of 295 groundwater-level observations 
and an advective-transport observation for the EDB plume. 
Observations were weighted on the basis of methods described 
by Hill and Tiedeman (2007) to account for the difference 
in the type of observations and their relative influence in 
nonlinear regression. Observation weights are equal to the 
inverse of the variance (square of the standard deviation) of 
the measurement uncertainty.

Local-scale model calibration included 295 water levels 
from 19 observation wells (fig. 12). Most water levels were 
from vertical clusters of observation wells at four sites that 
have two to three wells, generally with one well screened 
near the water table, one well screened in the middle part 
of the aquifer, and one well screened in the deep part of the 
aquifer. Most observation wells have short screens and are 
simulated in one local-scale model layer. Only one selected 
water-level observation from each observation well for each 
stress period was used in the calibration. The selected water-
level observations for each observation well were judged to be 
representative of water-level conditions near the end of each 
stress period. Groundwater-level observations were available 
for 1949 through 2013, with most observations for 1997 and 
later. Groundwater-level elevations were computed using the 
land-surface elevation for each observation well. 

Advective transport of contaminants, such as the EDB 
plume, can be an important observation for model calibration 
(Hanson and others, 2013). In contrast to a groundwater-level 
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Table 7.  Descriptions of hydraulic parameters, optimal or specified parameter values, and parameter-estimation statistics in the local-scale model and comparison 
to updated regional model parameter values.

[HK, horizontal hydraulic conductivity along model rows; ft/d, foot per day; –, not determined; HANI, ratio of horizontal hydraulic conductivity along model columns to hydrualic conductivity 
along model rows; VANI, ratio of horizontal conductivity along rows to vertical hydraulic conductivity; SY, specific yield; SS, specific storage; ft, foot; n, effective porosity]

Parameter name Type Parameter description

Local-scale model
Updated regional 

model

Optimal (in bold) or  
specified value

95-percent confidence 
interval range

Coefficient of 
variation

Specified value

Ksilts HK Silty deposits in layers 12–21 7.0 ft/d – – 7.0 ft/d

Ksdfm HK Fine- to medium-grain sand deposits in layers 8–21 0.05 ft/d – – 0.05 ft/d

Ksdm HK Medium-grain sand deposits in layers 13–21 1.4 ft/d – – 1.4 ft/d

Ksdmc HK Medium- to coarse-grain sand deposits in all layers 5.8 ft/d 3.9–8.7 0.21 7.3 ft/d

Kmult HK Multiplier of coarse- to very coarse-grain axial-
fluvial sediments in layers 1–15

0.97 0.68–1.37 0.18 –

Kpdmt HK Piedmont sediments in all layers 3.8 ft/d 0.93–15.8 1.06 12.0 ft/d

Ka2a1 HK Predominantly fine-grain deposits in layers 2–18 5.0 ft/d – – –

HANIyes HANI All layers 1.4 1.1–1.9 0.16 1.5

HANIno HANI All layers 1.0 – – 1.0

VANIyes VANI All layers 241 195–302 0.11 132

SY SY Layers 1–3 0.14 0.13–0.15 0.05 0.20

SSall SS All layers 0.000002 ft–1 – – 0.000002 ft–1

Effective porosity n All layers 0.25 – – –
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observation, an advective-transport observation reflects long-
term groundwater-flow patterns because of the long-term scale 
of advective groundwater flow. Also, the intended purpose 
of the local-scale model is to delineate ACRs and ZOCs to 
selected water-supply wells, which are based on advective 
flow paths. 

EDB has been observed to be persistent in some 
subsurface environments associated with releases of 
leaded fuel from leaking underground storage tanks (U.S. 
Environmental Protection Agency, 2006; Wilson and others, 
2008). The biodegradation half-life of EDB in groundwater 
has been estimated to range from 15 to 50 days for anaerobic 
conditions and from 35 to 360 days for aerobic conditions 
(U.S. Environmental Protection Agency, 2006). The hydrolytic 
half-life of EDB has been estimated to range from 6 to 
13.2 years at 20 degrees Celsius (Wilson and others, 2008). 
For the BFF EDB plume, anaerobic conditions are present in 
groundwater near the BFF, but aerobic conditions are present 
in the EDB plume northeast of the BFF (U.S. Army Corps 
of Engineers, 2017a). The longer potential half-life under 
aerobic conditions indicates that EDB northeast of the BFF 
could be transported by advective processes and could form 
a plume in the direction of groundwater flow. For this study, 
advective transport of EDB also was assumed predominant 
because of the strong groundwater gradients towards the large 
area of drawdown in southeastern Albuquerque (fig. 7) and 
the relatively large hydraulic conductivities in the plume area 
(fig. 5).

An observation of advective transport was created by 
selecting a location near the leading edge of the mapped extent 
of the EDB plume as known in December 2015 (U.S. Army 
Corps of Engineers, 2016c) (fig. 13). The dates when fuel 
began leaking and when contaminants reached the water table 
through approximately 500 ft of unsaturated sediments are 
unknown. However, the EDB plume is known only northeast 
of its source at the BFF, and simulation of groundwater flow 
indicated that flow in the vicinity of the EDB plume reversed 
direction from southwest to northeast in about 1980. For 
calibration purposes, a particle was released at the center 
of the source (fig. 13) at the water table in January 1980 
and tracked forward in an approximate northeast direction 
along a simulated groundwater-flow path until the end of the 
model simulation (October 31, 2013). The distance between 
the particle at its final location and the advective-transport 
observation location is the residual. During advective 
transport simulations, the most recent EDB concentration 
and plume-outline data were for the October–December 
2015 quarter (U.S. Army Corps of Engineers, 2016c). At that 
time, the farthest downgradient monitoring well with an EDB 
concentration exceeding 0.05 microgram per liter was KAFB-
106225 (0.143 microgram per liter) (U.S. Army Corps of 
Engineers, 2016c). KAFB-106225, located near the distal end 
of the plume (fig. 13), was assumed to represent the location 
of the advective-transport observation. A standard deviation of 
50 ft was used to weight the observation.

Estimation of Parameters
Thirteen hydraulic parameters were evaluated with 

parameter estimation: seven for horizontal hydraulic 
conductivity, two for horizontal anisotropy and one for vertical 
anisotropy, two for storage, and one for effective porosity 
(table 7). Parameter sensitivities, shown by their composite 
scaled sensitivities in figure 14, indicate whether groundwater-
level and advective-transport observations provided sufficient 
information to permit an estimate of a given parameter. 
Parameters with higher sensitivities generally can be more 
precisely estimated through the model calibration process 
than can parameters with lower sensitivities. Parameters with 
composite scaled sensitivities that are about two orders of 
magnitude lower than that of the parameter with the highest 
value, or those with composite scaled sensitivities less than 
1, indicate that nonlinear regression might not be capable of 
estimating the parameter (Hill and Tiedeman, 2007).

Four parameters with low sensitivities (Ksilts, Ksdfm, 
Ksdm, and SSall) were assigned values from the updated 
regional model (table 7). Parameters Ka2a1 and effective 
porosity were also specified (table 7). The value calculated 
by nonlinear regression for Ka2a1, which represented 
alternating silt, clay, and sand sediments, was considered 
unreasonably high for fine-grain material. Instead, it was 
given a specified value of 5.0 ft/d, similar to the value that 
was calculated by nonlinear regression for the fine-grain 
piedmont-slope sediments, Kpdmt (table 7). The effective 
porosity value calculated by nonlinear regression was 0.19. 
An estimate of effective porosity based on slug-test results 
and reported by Ellinger (2013) was 0.27 (table 4). Values of 
porosity from laboratory measurements reported by Bexfield 
and others (2011) and Ellinger (2013) ranged from 0.30 to 
0.40 (table 4). As a compromise between values from field 
measurements and from the nonlinear regression, an effective 
porosity of 0.25 was specified in the local-scale model 
(table 7). A sensitivity analysis of the effects of a range in 
effective porosity values on simulation results is presented 
in the subsequent section “Delineation of Transient Areas 
Contributing Recharge and Zones of Contribution to Selected 
Water-Supply Wells.”

Optimal values for the remaining six hydraulic 
parameters (Ksdmc, Kmult, Kpdmt, HANIyes, VANIyes, 
and SY) that were estimated by using nonlinear regression 
(table 7) are similar to values reported by other authors 
(table 4). The calibration results of the local-scale model and 
updated regional model are not directly comparable because 
of design changes and the difference in the number and type 
of observations. However, three of the five parameters that 
are common to both the local-scale model and the updated 
regional model (Ksdmc, Kpdmt, and HANIyes) have similar 
values. For the other two parameters common to both the 
local-scale model and the updated regional model, the optimal 
value for VANIyes increased from 132 to 241, and the optimal 
value for SY decreased from 0.20 to 0.14. This lower SY 
value is within the range of values (0.12–0.15) simulated by 
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Figure 13.  Plume source location and advective-transport observation for the ethylene dibromide (EDB) 
plume. Predicted particle pathlines are based on parameter values determined by local-scale model 
calibration using groundwater-level observations alone and a combination of groundwater-level and 
advective-transport observations. EDB plume from U.S. Army Corps of Engineers (2016c).
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other groundwater models of the Albuquerque area (Kernodle 
and others, 1995; Heywood, 2013). Finally, the Kmult value 
is 0.97 times the interpolated values from the hydraulic 
conductivity contours (fig. 5).

The uncertainty of the parameter estimate is indicated 
by the 95-percent confidence interval for each optimal value 
(table 7). For these linear confidence intervals to be valid, 
weighted residuals should be normally distributed and the 
model linear near the estimated optimal values (Hill and 
Tiedeman, 2007). If weighted residuals are independent and 
normally distributed, then they plot on an approximately 
straight line on a normal probability graph. The correlation 
between weighted residuals and the normal order statistics 
for the calibrated model was 0.81. This value is less than the 
critical value for 296 observations, 0.989, at the 5-percent 
significance level. The degree of model linearity can be 
quantified by using the modified Beale’s measure, calculated 
with the Model-Linearity program (Poeter and others, 2005). 
The model is considered effectively linear if the modified 
Beale’s measure is less than 0.041 and nonlinear if it is more 
than 0.46. The modified Beale’s measure for the model was 
0.60, indicating that the model is nonlinear. The confidence 
intervals listed in table 7 are thus approximate values.

The 95-percent confidence intervals for the parameter 
estimates (table 7) are all within the ranges of reasonable 
values reported in the literature (table 4). A comparison of 
the relative precision of different parameter estimates can be 
made by using the coefficient of variation (standard deviation 

of the estimated value divided by the optimal value; table 7); 
a smaller coefficient of variation indicates a more precisely 
estimated value for the parameter. The coefficients of variation 
ranged from 0.05 to 1.06 (table 7). Parameter SY was the most 
precisely estimated, whereas parameter Kpdmt was the least 
precisely estimated. The order of the most to least precisely 
estimated parameter values generally follows the same order 
as that of the parameter sensitivities (fig. 14) because of the 
information provided by the observations in the regression.

Comparison of Observations and Simulated 
Equivalents

The quality of model calibration can be determined by 
comparison of the observations and the simulated equivalents, 
both numerically and graphically. Residuals should be 
randomly distributed and close to zero. The average weighted 
residual was 0.17 ft for all groundwater-level and advective-
transport observations. The sum of square weighted residuals 
was 1,880 for the calibrated local-scale model. The calculated 
error variance (sum of square weighted residuals divided by 
the difference between the number of observations and the 
number of parameters estimated by nonlinear regression) was 
6.48, and the standard error of the regression (square root 
of the calculated error variance) was 2.55. Although these 
measures of the overall magnitude of the weighted residuals 
should, theoretically, equal 1, that is not commonly the case 
for groundwater models (Hill and Tiedeman, 2007).
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Figure 14.  Composite scaled sensitivities of the hydraulic parameters for the 
local-scale model (table 7).
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 A comparison of observed and simulated groundwater-
level values (fig. 15A) indicates a good agreement; the 
correlation between them was 0.99. The residuals (difference 
between observed and simulated values) are generally 
randomly distributed around zero for most simulated values 
(fig. 15B).

Hydrographs of observed water levels and their simulated 
equivalents from selected observation wells from different 
locations in the local-scale model indicate the quality of model 
calibration (fig. 16; locations shown in fig. 12). Observation 
well SD-2, in the south-central part of the local-scale model 
near the EDB plume, is screened over a relatively long 
interval from 494 to 1,000 ft below land surface. Observed 
and simulated water levels are generally in good agreement 
and show the long-term water-level decline from pumping 
withdrawals during the period of record from 1949 to 1988 
(fig. 16A).

The Sister Cities (SC) observation-well cluster, in the 
north part of the local-scale model (figs. 2 and 12), has two 
wells with 5-ft-long screens with the midpoint of the screen 
for SC-2 at 791.5 ft below land surface and the midpoint of 
the screen for SC-1 at 1,300.5 ft below land surface (U.S. 
Geological Survey, 2015). The hydrographs show a long-term 
decline in water levels until about 2009, when water levels 
begin to rise because of decreased groundwater withdrawals 
(fig. 16B). Short-term seasonal water-level fluctuations reflect 
seasonal pumping demands. Simulated water levels from 
SC-1 adequately represent observed water levels (fig. 16B). 
Simulated water levels from SC-2 reflect the long-term 
trend and seasonal fluctuations of observed water levels but 
overestimate drawdowns in this part of the aquifer (fig. 16C).

The Jerry Cline (JC) observation well cluster, in the 
central part of the local-scale model (fig. 2), has three wells. 
One well, JC-3, has a 100-ft-long screen, extending from 400 to 
500 ft below land surface, that intersects the water table 
(U.S. Geological Survey, 2015). The other two wells, JC-2 
and JC-1, have 10-ft-long screens with the midpoints of the 
screens at 1,035 and 1,440 ft, respectively, below land surface 
(U.S. Geological Survey, 2015). Although other observation 
wells show water-level changes in southeastern Albuquerque 
(Galanter and Curry, 2019), the JC observation-well cluster 
was selected for comparison to simulated water levels because 
it is the closest observation well to the area of large simulated 
drawdowns caused by groundwater withdrawals (figs. 7 
and 12). Observed and simulated water levels at JC show 
the water-level rise since 2009 from decreased groundwater 
withdrawals (fig. 16D–F). Simulated water levels reflect 
reasonably well the long-term observed trends and magnitude 
of seasonal fluctuations for JC-3 (fig. 16F) and JC-2 (fig. 16E), 
although drawdowns in some cases are overestimated in JC-3 
and underestimated in JC-2. In the deep part of the aquifer at 
this observation nest (JC-1), drawdowns are underestimated 
(fig. 16D) and have the largest negative water-level residuals 
(−12.5 to −16.3 ft) in the calibration (fig. 15B, points that 
cluster around 4,860 ft). 

A simulated groundwater-flow path originating at the 
EDB plume source was compared to the mapped EDB plume 
extent for calibration of advective transport. Particle tracks 
resulting from calibrations for two scenarios, one with only 
groundwater-level observations and one with groundwater 
levels and the advective-transport observations, are shown 
in figure 13. The two calibrations resulted in similar optimal 
parameter values except for Kmult, which increased from 0.64 
to 0.97 by incorporating the advective-transport observation 
in the regression. Including the advective-transport 
observation in the calibration decreased the distance between 
the observation and its simulated equivalent from 1,830 to 
1,220 ft, or by 610 ft. For both calibrations, the simulated 
flow paths are in a more northward direction than the 
mapped extent of the EDB plume and the advective-transport 
observation, although, by incorporating this observation into 
the calibration, the direction of the particle flow path shows 
a slight improvement by tracking in a more northeastward 
direction. To improve the simulated EDB plume path in 
the regression while also preserving the quality of fit to the 
groundwater-level observations, a more complex aquifer 
representation and other design changes might be needed. For 
example, because of the steep hydraulic gradients caused by 
large nearby pumping withdrawals, shorter stress periods with 
pumping rates averaged over shorter periods than those used 
in the updated regional and local-scale models might improve 
simulated flow paths.

The analysis of the residuals and optimal parameter 
values indicated that the local-scale model is acceptable for 
the purposes of the study. Model-fit statistics indicated that 
simulated values are generally close to observed values. 
Optimal parameter values are realistic, and their confidence 
intervals include reasonable values.

Local-Scale and Updated Regional Model 
Modifications for a Future Pumping Scenario

To delineate future potential recharge sources and 
groundwater-flow paths, ACRs and ZOCs were delineated 
for selected wells on the basis of a future pumping scenario 
for Water Authority water-supply wells and KAFB extraction 
wells. The calibrated local-scale and updated regional models 
were modified to incorporate 37 additional years from 
November 2013 to October 2050 to simulate groundwater 
flow for a potential future pumping scenario. ACRs and 
ZOCs to selected wells were determined for water withdrawn 
in October 2050. This simulation incorporates existing and 
planned extraction-well pumping in the EDB plume that was 
implemented beginning in 2015.

Except for groundwater withdrawals from the Water 
Authority, VAH, and KAFB high-capacity water-supply wells, 
the same boundary conditions used to represent recharge 
to and discharge from the aquifer during the last two stress 
periods of the calibrated models were used to extend model 
simulations to 2050. The models were extended by 37 winter 
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Figure 16.  Observed and simulated groundwater levels for observation wells A, SD-2; B, SC-1; C, SC-2; 
D, JC-1; E, JC-2; and F, JC-3. Locations of observation wells shown in figure 12. Observed data from U.S. 
Geological Survey (2015).—Continued
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seasons (November 1 to March 15) and 37 irrigation seasons 
(March 16 to October 31) for a total of 153 stress periods from 
predevelopment to 2050. The future projection assumes no 
changes of land use and no changes in recharge or discharge 
resulting from climate change.

For the Water Authority water-supply wells, projected 
pumping rates were based on reported winter- and irrigation-
season pumping rates for November 1, 2013, to October 31, 
2015, and on the Water Authority’s “medium demand, medium 
supply” pumping scenario (Albuquerque Bernalillo County 
Water Utility Authority, 2016) for November 1, 2015, to 
October 31, 2050. Annual pumping amounts for the entire 
water system from the Albuquerque Bernalillo County Water 
Utility Authority (2016) “medium demand, medium supply” 
scenario were distributed to individual Water Authority water-
supply wells on the basis of November 2009 through October 
2010 reported monthly pumping data for each well. Monthly 
pumping values for November 2009 through October 2010 
that were zero were replaced with reported monthly pumping 
values for November 2011 through October 2012. For each 
well, the winter-season pumping rate was determined by 
summing the November 1, 2009, through March 15, 2010, 
monthly pumping values and dividing by the number of days 
in the time period. Similarly, the irrigation-season pumping 
rate was determined by summing the March 16 through 
October 31, 2010, monthly pumping values and dividing by 
the number of days. The fraction of total Water Authority 
pumping that each well pumped for the November 2009 
through October 2010 winter and irrigation seasons was 
determined by dividing each well’s winter- and irrigation-
season pumping rate by the total Water Authority pumping 
rate. Finally, the annual “medium demand, medium supply” 
(Albuquerque Bernalillo County Water Utility Authority, 
2016) pumping amounts were divided by the number of days 
in the winter or irrigation seasons (to determine a pumping 
rate) and multiplied by the winter or irrigation fraction for 
each well to determine the projected winter- and irrigation-
season pumping rates for each model stress period through 
2050. The winter-season pumping rate was determined by 
using the annual pumping rate for the year when the winter 
season begins. For example, the 2016 winter-season pumping 
rate was determined by using the 2016 annual pumping rate 
for each well.

Projected groundwater withdrawals for a winter season 
and for an irrigation season were available from the VAH 
(Juliana Hankins, U.S. Department of Veterans Affairs 
hospital, written commun., 2014) for its water-supply well. 
Projected withdrawals for the VH-2 well were applied to all 
winter and irrigation seasons from November 1, 2015, to 
October 31, 2050. 

Projections of groundwater withdrawals from the KAFB 
wells were not available. Instead, for most of the KAFB wells, 
pumping rates from the last two stress periods of the calibrated 
models were used to populate the winter and irrigation seasons 
from 2015 to 2050. For two of the KAFB wells, which had 
minimal pumping rates in the last two stress periods, the 

winter and irrigation seasons ending in 2012 were used instead 
to populate the projected pumping rates.

Remediation of the EDB plume includes ongoing 
operation of four existing extraction wells and the installation 
of additional extraction wells (U.S. Army Corps of Engineers, 
2016b). Although the total number of extraction wells has 
not yet (2019) been finalized, the treatment facility to which 
the extracted groundwater is pumped has the capacity to 
treat up to 800 gallons per minute (gal/min) (New Mexico 
Environment Department, 2017). Extraction wells (fig. 17) 
are simulated as being screened in local-scale model layer 3 
(containing the water table). Extraction-well pumping was 
simulated beginning in the 2015 irrigation season with one 
well withdrawing 100 gal/min, two additional wells in the 
subsequent winter season each withdrawing 100 gal/min, and 
one additional well in the 2017 irrigation season withdrawing 
100 gal/min. Because the exact location and timing of 
future extraction wells are unknown, one additional well 
was simulated in the local-scale model (fig. 17) near the 
BFF beginning in 2018 at 100 gal/min and then increased 
by 100 gal/min each year until 2021 for a maximum rate of 
400 gal/min from this simulated well. From 2021 through 
2050, a total rate of 800 gal/min of groundwater withdrawal 
was simulated for five extraction wells.

After water withdrawn by the extraction wells is treated, 
it is pumped to well K-7 (fig. 17), which is simulated in the 
model as an injection well during the winter seasons. During 
the irrigation seasons, water from the extraction wells is used 
to irrigate the KAFB golf course located in the southeastern 
part of the local-scale model (fig. 2). It was assumed that 
water for irrigation at the golf course is consumed through 
evaporation and evapotranspiration and therefore no 
groundwater recharge will occur.

Limitations of Analysis

The analysis presented in this report is based on the 
local-scale model, which was designed to simulate the 
response of the groundwater system to pumping stresses 
and advective groundwater flow to delineate ACRs and 
the areal extent of ZOCs to selected water-supply wells in 
southeastern Albuquerque. Because no model can perfectly 
represent every nuance of an aquifer system, characteristics 
of the aquifer were necessarily simplified. Spatial resolution 
of simulation results was limited by the areal extent and 
thickness of local-scale model cells. The revised local-scale 
model was assumed to represent the aquifer adequately 
because the spatial distribution of hydraulic conductivity and 
other hydraulic properties was based on an understanding of 
the depositional history of the basin-fill sediments and field 
data such as aquifer-test results and geophysical and lithologic 
logs. Simplification included consolidating parameters that 
represent hydraulic properties into homogenous units and 
assigning these parameters to groups of local-scale model 
cells. Although effective porosity probably varies throughout 
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the study area, a plausible but uniform value of effective 
porosity, which is important for transport, especially in this 
setting with the proximity of the water-supply wells to the 
EDB plume, was used throughout this complex aquifer. In 
addition, although the vertical placement of the well screens 
in the local-scale model was revised because of the vertical 
refinement of updated regional model layers, the spatial extent 
of other stresses, such as recharge, in the local-scale model 
was inherited from the grid size of the updated regional model. 
In particular, simulated recharge from water-distribution and 
sewage-collection systems may be spread over a larger area in 
the local-scale model than in reality because these leaks would 
occur along linear networks of pipes.

Calibration of the local-scale model by inverse modeling 
by nonlinear regression provided an optimal set of hydraulic 
parameter values. This optimal parameter set was estimated 
by minimizing the residuals between the observation dataset 
and simulated values. Parameter values are reasonable and 
consistent with previous investigations. However, calibrated 
values are unique to this model design, which includes 
boundary conditions that were specified in both the local-scale 
model and the updated regional model. 

The volume of inflow from the updated regional model to 
the local-scale model along the local-scale model boundaries 
is a source of uncertainty. The updated regional model was 
calibrated by using parameter estimation by Bexfield and 
others (2011) using the best available information, but changes 
to parameters in the local-scale model were not extended into 
the updated regional model. If local-scale model parameter 
changes were extended into the updated regional model, the 
groundwater flow field and the flux of water at the boundary 
between the updated regional model and the local-scale model 
could be different than simulated. Uncertainty in boundary 
fluxes and the flow field could be simulated in future modeling 
work to evaluate the uncertainty in the ACRs and ZOCs 
presented in this report. In addition, although pumping rates 
were specified in model simulations, an uncertainty analysis of 
pumping, especially future pumping, would help evaluate the 
uncertainty in ACRs and ZOCs presented in this report.

ACRs and ZOCs to the water-supply wells were 
determined in the local-scale model, an urban area where 
human activities can affect the quality of water withdrawn by 
the wells. Because groundwater withdrawals greatly exceed 
available recharge from mostly anthropogenic sources in 
the local-scale model, most source water to the wells would 
be expected to originate from outside the local-scale model. 
Local grid refinement (Mehl and Hill, 2013) in this study 
uses a “ghost-node” coupling method that allows numerical 
solution when interface cells of the local-scale and regional 
models go dry, which would be the case in this setting because 
of the large groundwater withdrawals since the 1960s that 
have lowered the water table. Because of the ghost-node 
coupling method, the transfer of particles between the local-
scale and regional models in simulations with the MODPATH 
particle-tracking program is not supported. Although ACRs 

and ZOCs to the wells outside the local-scale model were not 
determined through particle tracking, simulated steady-state 
groundwater-level contours indicated that source water to the 
wells from outside the local-scale model would be mostly 
mountain-front recharge along the eastern side of the Middle 
Rio Grande Basin or points farther north. Delineation of 
ACRs and associated ZOCs in the updated regional model to 
the water-supply wells from mountain-front recharge would 
have large uncertainties. Because of the distance from these 
sources to the Albuquerque-Rio Rancho metropolitan area, 
groundwater traveltimes can be thousands of years (Bexfield 
and others, 2011). To determine advective transport from 
recharge sources, as represented by particle pathlines, would 
require projecting the pre-1900 steady-state simulation, which 
assumes constant hydrologic conditions into the past, but we 
do not know how long into the past the simulated steady-state 
conditions accurately represent hydrologic conditions. To 
accurately simulate particle pathlines, transient simulations 
of possibly different recharge conditions over the last several 
thousand years would be required. This uncertainty in the 
ACRs and ZOCs also applies to the ZOCs analysis of the 
wells in the local-scale model from sources outside the local-
scale model.

In addition to uncertainties related to past conditions, 
results of the particle-tracking analysis for future pumping 
scenarios have uncertainties related to future model-design 
assumptions. Most land-surface recharge in the local-scale 
model was from anthropogenic sources, and therefore any 
land-use changes through the mid-21st century may affect the 
quantity and distribution of recharge. Four future extraction 
wells were represented by one simulated well in the general 
area where they may be installed, and this may affect the 
groundwater system differently than withdrawals from four 
separately located wells. The ACR and ZOC analysis of the 
wells was compared to the EDB plume mapped extent only 
for December 2015. The size of the EDB plume has enlarged 
over time, most likely starting with a relatively small extent 
near the BFF area, from which it expanded by diffusion and 
advection in response to groundwater flow. Starting in about 
1980, the plume probably began expanding to the northeast 
over time as groundwater transported EDB primarily by 
advection. The horizontal and vertical extent of the EDB 
plume over time would have to be known to determine if 
any particle tracks would have intersected the EDB plume in 
the past. Similarly, knowledge of the horizontal and vertical 
extent of the plume in the future would have to be estimated 
to determine if future particle tracks might intersect the 
plume. Finally, ACRs and ZOCs to the wells are unique to 
the simulated pumping rates used for historical pumping 
conditions and those selected for the future pumping scenario. 
Any changes in pumping rates, changes in seasonal operations, 
installation of new water-supply wells, or abandonment of 
wells most likely would affect groundwater-flow paths and the 
sizes and locations of the ACRs and ZOCs. 



Delineation of Transient Areas Contributing Recharge and Zones of Contribution to Selected Water-Supply Wells    47

Delineation of Transient Areas 
Contributing Recharge and 
Zones of Contribution to Selected 
Water-Supply Wells

ACRs and ZOCs to selected water-supply wells in 
southeastern Albuquerque were delineated on the basis of the 
calibrated local-scale model under simulated historical and 
potential future pumping conditions by tracking groundwater-
flow paths with the MODPATH particle-tracking program. 
Only those parts of the ACRs and ZOCs to a well within the 
local-scale model were delineated. Although most recharge to 
the Middle Rio Grande Basin is from sources outside the local-
scale model, some water is recharged from sources within the 
basin. The quality of water withdrawn from water-supply wells 
within the updated regional and local-scale models would be 
sensitive to land uses in the recharge areas. The delineation of 
ACRs and ZOCs focuses on 11 water-supply wells near the 
EDB plume: BR-5, K-3, K-7, K-15, K-16, LV-8, RC-2, RC-3, 
RC-4, RC-5, and VH-2 (fig. 12, table 8).

The ACR to a water-supply well is defined as the surface 
area at the water table where water entering the groundwater 
system eventually flows to the well (Reilly and Pollock, 1993) 
(fig. 18). The ZOC is the three-dimensional volumetric part of 
the aquifer through which groundwater flows to the well from 
the ACR (Morrissey, 1989) (fig. 18). ACRs to the 11 water-
supply wells were delineated under transient conditions 
because of changing groundwater-flow patterns caused by 
changing groundwater withdrawals in the Albuquerque-
Rio Rancho metropolitan area since the mid-20th century. 

Only those areas that receive recharge at the water table can 
potentially be in the ACRs to a well; simulated sources of 
recharge and their spatial and temporal distribution in the 
local-scale model are discussed in the section “Local-Scale 
Model Inflow and Outflow” and shown in figure 11.

ZOCs were delineated for ACRs to the wells originating 
in the local-scale model and, in addition, that part of the ZOCs 
in the local-scale model for ACRs originating in the updated 
regional model. Because of the relatively long groundwater 
traveltimes in the aquifer, it was necessary to use simulated 
steady-state aquifer conditions prior to 1900 to simulate the 
pre-1900 portions of particle tracks between the water-supply 
wells and the perimeter of the local-scale model. Groundwater 
traveltimes from recharge locations along the basin margins 
to wells in the Middle Rio Grande Basin can be thousands 
to tens of thousands of years (Bexfield and others, 2011). 
The steady-state simulation, however, uses the hydrologic 
conditions of 1900 to simulate particle paths prior to 1900. 
Because hydrologic conditions hundreds to thousands of years 
ago likely differed from those of 1900, the simulated pathline 
locations and ZOCs for times prior to 1900 are uncertain, and 
that uncertainty increases with increasing time in the past. 

In addition to ACRs and ZOCs to water-supply wells 
for recent withdrawals, an analysis was done for a projected 
“medium demand, medium supply” pumping scenario 
(Albuquerque Bernalillo County Water Utility Authority, 
2016). Because of decreased groundwater pumping from 
water-supply wells resulting from increased use of surface 
water beginning in 2008 and, to a lesser extent, extraction-
well pumping in the EDB plume, groundwater-flow patterns 
would be expected to continue to change and likely will affect 
the future size, shape, and location of the ACRs and ZOCs to 
the wells.

Table 8.  Simulated water withdrawals from selected wells in the local-scale model.

[Well locations shown on figure 12. –, not applicable]

Well name

Model cells
Simulated pumping rates 
based on actuals (gallons  

per minute)

Simulated pumping rates 
based on projections  
(gallons per minute)

Layers Row Column
March 16–October 31, 2013 

(irrigation season)
March 16–October 31, 2050 

(irrigation season)

BR-5 4–15 89 23 960.5 1,085.0
K-3 2–10 89 42 211.9 211.9
K-7 2–11 110 37 345.6 –
K-15 6–18 101 24 1142.0 142.0
K-16 6–17 102 37 1156.9 156.9
LV-8 6–18 64 44 1,166.3 969.5
RC-2 5–18 81 55 943.7 661.4
RC-3 4–17 85 48 344.8 782.3
RC-4 4–18 77 42 905.7 1,177.2
RC-5 5–18 83 41 1,329.4 948.3
VH-2 4–7 100 27 173.2 285.0

1March 16–October 31, 2012, pumping rate.
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Historical Pumping Conditions

ACRs and ZOCs to the 11 water-supply wells (BR-5, 
K-3, K-7, K-15, K-16, LV-8, RC-2, RC-3, RC-4, RC-5, and 
VH-2) were delineated by tracking particles of water in the 
direction opposite to groundwater flow, or backwards in time 
starting from a specified day, from the water-supply wells 
towards recharge locations. Particles were tracked backwards 
until they reached their point of origin or until they reached 
the boundary between the local-scale model and the updated 
regional model. Figure 19 provides the reader insights into 
groundwater-flow patterns and traveltimes in the local-scale 
model. A limited number of particles were tracked backwards 
along groundwater-flow paths from well RC-4 (fig. 19). 
Particles tracked backwards from each model cell containing 
the RC-4 well screen (cells in local-scale model layers 4–18) 
represent pathlines of water withdrawn by the well on October 
31, 2013 (fig. 19). Of the 61 particles used in the analysis, 
only one followed a path backward from the well to a point 
of recharge within the local-scale model (fig. 19A, B, and C, 
red pathline). The simulated traveltime of the red pathline 
particle (fig. 19) between the recharge location and the well 
was 32 years, meaning that the particle recharged at the water 

table in 1981. The remaining particles follow pathlines that 
originated outside the local-scale model in, or at the boundary 
of, the updated regional model. 

Simulated particle paths between the northern perimeter 
of the local-scale model and RC-4 indicate traveltimes ranging 
from about 300 to 4,800 years with a median of 720 years 
(Friesz and Myers, 2019). Thus, water withdrawn from 
RC-4 and other wells in the local-scale model area is a mix 
of groundwater with a wide range of traveltimes and ages. 
Particles that follow pathlines in the deeper part of the aquifer, 
which consists of finer-grain sediments of lower hydraulic 
conductivity than does the shallow part of the aquifer, have the 
longest traveltimes. During predevelopment time and before 
the start of major groundwater withdrawals, particles generally 
travel horizontally in the aquifer and follow predevelopment 
flow directions (fig. 19B and C) from the basin margins toward 
predevelopment discharge locations along the Rio Grande. 
Vertical changes of particle paths prior to 1900 (fig. 19C) 
probably are caused by variations in local-scale model 
hydraulic properties. By the beginning of the transient period 
in 1900 most particles are near Interstate 40 (fig. 19A). Some 
of the particles travel south of RC-4 during the 1900–2013 
transient simulation to near the northern edge of the extent 

Screened
interval

Discharging
well

Area contributing recharge

Zone of contribution

Lower bounding flow path

General direction of groundwater flow

Areal extent of zone of contribution

A r e a l  r e c h a r g e

Figure 18.

Water table

Figure 18.  Area contributing recharge and zone of contribution to a single discharging well in a hypothetical groundwater 
system (modified from Paschke and others, 2007, fig. 1.3).
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Figure 19.  Simulated particle pathlines to water-supply well RC-4 for particles released on October 31, 2013, in A, map view, 
B, simulated particle pathlines and predevelopment steady-state water-level contours in layer 3 of the local-scale model and 
updated regional models, and C, cross-section view. Ethylene dibromide plume from U.S. Army Corps of Engineers (2017b). 
Hydrochemical zones from Plummer and others (2004).
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of the EDB plume (as mapped in December 2016) before 
reversing direction in about 1980. The reversal of particle-
movement direction in 1980 corresponds to the reversal of 
groundwater flow from southwest to northeast that was caused 
by pumping and development of the large area of water-level 
drawdown (fig. 7) northeast of the EDB plume. Because 
movement of EDB northeast of the BFF by groundwater 
advection, and the reversal in direction of particle movement 
that occurred at about the same time (1980), none of the 
particles shown in figure 19 would have interacted with the 
EDB plume; the particles and EDB would both have moved 
to the northeast at about the same rate. From about 1980 to 
October 2013, particles south of RC-4 travel northeasterly 
(fig. 19A), and particles in the shallower model layers move 
deeper in the aquifer (fig. 19C) in response to the declining 
water table. 

Figure 19B shows particle pathlines in relation to the 
local-scale and updated regional models and simulated water-
level contours for pre-1900 steady-state conditions. Based 
on these simulated water-level contours, the source of water 
to RC-4 originating outside the local-scale model probably 
is from mountain-front recharge northeast of the local-scale 
model or from locations farther north. The source of water to 
RC-4 is consistent with hydrochemical zones (fig. 19A and 
B) defined by Plummer and others (2004) using data from 
water-supply and observation wells. RC-4 is located near the 
boundary between the eastern mountain-front and central 
hydrochemical zones and could obtain water from either or 
both zones.

ACRs and ZOCs to 9 of the 11 water-supply wells within 
the local-scale model were delineated by releasing particles 
on October 31, 2013, using pumping rates simulated for 
the March 16–October 31, 2013, irrigation season (table 8). 
Because the March 15–October 31, 2013, pumping rates 
for wells K-15 and K-16 (3.1 and 0 gal/min, respectively, 
Friesz and Myers, 2019) were much less than for the previous 
irrigation season, the ACRs and ZOCs for K-15 and K-16 
were delineated by releasing particles on October 31, 2012, 
using the March 16–October 31, 2012, pumping rates 
(table 8). Withdrawal rates for the 11 wells ranged from about 
140 to 1,330 gal/min and averaged 610 gal/min. The ACR 
analysis was done with a 20 by 20 array of particles applied 
to each face of each model cell intersected by a well screen. 
The particles were then tracked backwards along transient 
flow paths to sources of water in the local-scale model. Of 
the 11 wells in this analysis, only K-3, K-7, and RC-4 derived 
a portion of their water from simulated sources in the local-
scale model (fig. 20). The ACRs for these three wells extend 
generally south and southwestward of these three wells, but 
none overlap the BFF area or the EDB plume as delineated 
using December 2016 data (U.S. Army Corps of Engineers, 
2017b). The southern extent of the ACRs to K-3 and K-7 are 
most likely affected by the location and timing of simulated 
recharge from irrigation or water-distribution and sewage-
collection systems leakage. Recharging water from nearby 
sources travels along shallow-depth groundwater-flow paths 

and discharges to the highest active cell that contains the 
screens of the three wells. Two of the three wells, K-3 and 
K-7, which intersect the water table, have the shallowest 
screens of the 11 wells.

Particles defining ACRs to the three water-supply wells 
were placed into three groups based on their date of recharge: 
those that recharged the aquifer before 1980, those that 
recharged from 1980 to 1990, and those that recharged from 
1990 to March 15, 2015 (fig. 20). Groundwater traveltimes 
generally depend on where recharge enters the aquifer in 
relation to the well, with water that recharges the aquifer 
near the wells being the youngest and having the shortest 
traveltimes. Traveltimes from recharge locations to the three 
wells ranged from a few months to 64 years. The median 
traveltimes for K-7, K-3, and RC-4, from water table to the 
well, were 1.2 years, 9.2 years, and 28.4 years, respectively. 
These relatively short median traveltimes indicate that the 
wells are susceptible to contaminants that may be present 
at the water table. Over the longer term, these traveltimes 
indicate that the wells could be susceptible to contaminants 
that may be present at land surface and that move down 
through the unsaturated zone to the water table. Traveltime 
from land surface to the water table in the local-scale model 
area is unknown but would depend on the thickness and 
properties of the soil and sediment in the unsaturated zone and 
on the properties of the contaminant (such as its degradation 
rate, affinity for soil or water, and whether it would be self-
mobilizing or have to be mobilized by infiltrating water).

Under steady-state groundwater-flow conditions, 
effective porosities affect only groundwater velocities, but 
for transient flow conditions, effective porosities affect both 
velocities and the trajectory of groundwater-flow paths. As 
indicated in the “Geologic Framework” section of this report, 
the upper Santa Fe Group aquifer in the local-scale model 
area is a heterogeneous mix of fluvial sediments. Groundwater 
flowing through these sediments would encounter a variety 
of sediment types and textures having a variety of effective 
porosities. In general, smaller values of effective porosity 
correspond to smaller-diameter throats between the pore 
openings in aquifer material. 

The variety of effective porosities presumed to be present 
in the aquifer was simulated in the local-scale model with 
the single value (0.25) that represents the average effective 
porosity. A sensitivity analysis was done to determine the 
effects of differing effective porosities (0.15 and 0.35) 
on the ACRs and traveltimes (fig. 21). Smaller values of 
effective porosity resulted in faster simulated groundwater 
flow and generally larger ACRs, whereas larger values of 
effective porosity resulted in slower simulated groundwater 
flow and generally smaller ACRs. Small or large values 
of effective porosity affect groundwater-flow velocity in 
the same way that small or large pipe diameters affect the 
velocity of water flowing through the pipe. Given the same 
pressure pushing water through a pipe, water will flow at a 
higher velocity through a small-diameter pipe than through a 
large-diameter pipe.
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Figure 20.  Areas 
contributing recharge 
to selected water-
supply wells within the 
local-scale model area. 
Particles were released 
on October 31, 2012, for 
wells K-15 and K-16 and 
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Ethylene dibromide plume 
from U.S. Army Corps of 
Engineers (2017b).
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For two of the three wells (K-3 and RC-4) that have 
ACRs in the calibrated local-scale model area (fig. 20), an 
effective porosity of 0.15 increased the size of the ACRs 
(fig. 21A), whereas an effective porosity of 0.35 decreased 
the size of the ACRs (fig. 21B) as compared to an effective 
porosity of 0.25 in the calibrated model. For the third 
well, K-7, differences in the size and location of the ACR 
for different porosities were minimal, and the ACRs were 
constrained to a nearby recharge location. In the simulation 
using 0.15 effective porosity the pre-1980 and 1980–90 
portions of the ACR for RC-4 are simulated to overlap the 
December 2016 plume footprint (fig. 21A). The footprint of 
the plume, which is largely unknown between 1980 and about 
2007 (when the first monitoring well was drilled northeast 
of the BFF), would have to be determined to evaluate if the 
plume would interact with recharging particles in the ACRs. 
In the 0.15 effective porosity scenario, two additional wells 
(RC-3 and VH-2; fig. 21A) derive part of their water from 
sources in the local-scale model. The southern extent of the 
ACR to RC-3 is constrained to local recharge locations, 
whereas the ACR to VH-2 is a small, isolated area about 
2 mi south-southeast of the VH-2 well near Tijeras Arroyo. 
Although the locations of ACRs are best represented in the 
local-scale model by using an effective porosity of 0.25, it 
is possible that sediments with a lower or higher effective 
porosity may be present along the particle flow paths used to 
delineate the ACRs for the selected wells.

ZOCs to the 11 water-supply wells were determined 
by backward tracking of pathlines through the simulated 
transient and steady-state groundwater-flow system by 
using the effective porosity of 0.25 from the calibrated 
local-scale model. The ZOCs analysis was done with a 
5 by 5 array of particles applied to each model cell face for 
cells that contained the well screens. Fewer particles were 
used in the ZOC analysis than in the ACR analysis because 
of the increased computer resources required to record the 
pathlines. Pathlines are tracked to either recharge locations in 
the local-scale model or to the interface of the regional and 
local-scale models.

The pathlines composing the ZOCs to the 11 water-
supply wells were placed into three groups on the basis 
of the date represented by each segment of each pathline: 
segments with dates prior to 1900, segments with dates from 
1900 to 1979, and segments with dates from 1980 to 2013 
(fig. 22). Because the ZOCs in plan view are the projection 
of all pathlines over the entire vertical range, the ZOCs of 
the pathline segment groups overlap. For better visibility, the 
ZOCs are plotted with the youngest and shallowest group of 
pathline segments (1980–2013, in green) above the 1900–79 
set of pathlines (in blue), which in turn is plotted above the 
oldest set of pathlines (before 1900, in orange) (fig. 22). In 
addition, 2008–13 pathline segments with elevations above 
4,800 ft are colored yellow to identify pathlines that were 
shallow enough to interact with EDB if they passed through 
the BFF area. The 4,800-ft elevation was selected on the basis 
of the deepest extent of the EDB plume in the BFF area as 

depicted in a cross section of the EDB plume in U.S. Army 
Corps of Engineers (2017a, fig. 6-7). The color scheme shows 
the maximum extent of the 1980–2013 pathlines and, in most 
cases, the maximum outer limit of the 1900–79 pathlines, but 
the most recent part of the 1900–79 pathlines is overlain by 
younger pathlines (fig. 22).

After determining the ZOC by backward tracking of 
particle pathlines from the well screen to their recharge source, 
then following particle pathlines forward in time, particles for 
all 11 wells generally moved southwest from the north and 
east boundaries of the local-scale model (fig. 22). Because of 
the southwesterly groundwater flow prior to 1980, many of 
the particles moved past their target well but then moved back 
towards their target well after 1980 when the groundwater 
flow direction changed to the northeast (fig. 22). 

The ZOCs for each well generally are consistent 
with sources of water based on the hydrochemical zones 
defined by Plummer and others (2004) and described in 
the “Hydrochemical Zones” section of this report (fig. 22). 
Particle tracks from wells east of the boundary between the 
eastern mountain-front and central hydrochemical zones (K-3, 
RC-2, and RC-3) tended to originate more from the eastern 
side of the local-scale model. Particle tracks from wells 
located near or west of the hydrochemical boundary tended 
to originate from either the northern or eastern (or both) sides 
of the local-scale model. Particle tracks originating from the 
eastern side of the local-scale model would most likely have 
a mountain-front recharge source. Particle tracks originating 
from farther north might have a Rio Grande or mountain-front 
source or a mix of water from both sources.

The ZOCs particle-tracking analysis indicated that three 
of the water-supply wells (RC-5, BR-5, and VH-2) have 
pathlines from the 1980–2013 transient period that project in 
plan view with the December 2016 EDB plume footprint (fig. 22D, 
F, and G). Two wells (BR-5 and VH-2) have pathlines from 
the 1980–2013 transient period that project in plan view with 
the BFF (fig. 22F and G). The areal extent of the EDB plume 
to the northeast between 1980 and about 2007 is unknown, 
so it is difficult to determine if 1980–2013 pathlines for wells 
BR-5, RC-5, and VH-2 would have interacted with the EDB 
plume. Particles that were north of the BFF when groundwater 
flow reversed direction from southwest to northeast in 1980 
would not have the opportunity to interact with the EDB 
plume because the particles and the EDB would have both 
been moving northwest at about the same rate by advective 
groundwater flow. Thus, particles traveling to RC-5 would 
not have had the opportunity to interact with the EDB plume. 
Wells BR-5, K-15, and VH-2, however, did have particles 
southwest of the BFF in 1980 (fig. 22F, G, and J). Particles 
traveling to BR-5 passed under the BFF area in the 1980–2013 
period, but none of the 1980–2013 pathlines were shallow 
enough (elevation greater than 4,800 ft) to interact with EDB 
at the BFF (fig. 22F). Particles traveling to K-15 passed very 
near the BFF in the 1980–2013 period, but none of the 1980–
2013 pathlines were shallow enough to interact with EDB at 
the BFF (fig. 22J). In contrast, some of the particles traveling 
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Figure 21.  Sensitivity 
analysis of effective 
porosities of A, 0.15 and 
B, 0.35 on the areas 
contributing recharge to 
selected water-supply 
wells. Particles were 
released on October 31, 2012, 
for wells K-15 and K-16 and 
on October 31, 2013, for 
wells BR-5, K-3, K-7, LV-8, 
RC-2, RC-3, RC-4, RC-5, and 
VH-2. For the 0.15 effective 
porosity only wells K-3, 
K-7, RC-3, RC-4, and VH-2 
had areas contributing 
recharge in the local-scale 
model area, and for the 
0.35 effective porosity only 
wells K-3, K-7, and RC-4 had 
areas contributing recharge 
in the local-scale model 
area. Ethylene dibromide 
plume from U.S. Army Corps 
of Engineers (2017b).
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Figure 21.  Sensitivity 
analysis of effective 
porosities of A, 0.15 and 
B, 0.35 on the areas 
contributing recharge to 
selected water-supply 
wells. Particles were 
released on October 31, 
2012, for wells K-15 and 
K-16 and on October 31, 
2013, for wells BR-5, K-3, 
K-7, LV-8, RC-2, RC-3, RC-4, 
RC-5, and VH-2. For the 0.15 
effective porosity only wells 
K-3, K-7, RC-3, RC-4, and 
VH-2 had areas contributing 
recharge in the local-scale 
model area, and for the 
0.35 effective porosity only 
wells K-3, K-7, and RC-4 had 
areas contributing recharge 
in the local-scale model 
area. Ethylene dibromide 
plume from U.S. Army Corps 
of Engineers (2017b).—
Continued
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Ethylene dibromide (EDB) plume, 
December 2016—Outer edge 
of plume is EDB concentration of 
0.05 microgram per liter
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Figure 22.  Zones of 
contribution to selected 
water-supply wells in the 
local-scale model area. 
Particles were released 
on October 31, 2012, for 
wells K-15 and K-16 and 
on October 31, 2013, for 
wells BR-5, K-3, K-7, LV-8, 
RC-2, RC-3, RC-4, RC-5, and 
VH-2. Ethylene dibromide 
plume from U.S. Army 
Corps of Engineers (2017b). 
Hydrochemical zones from 
Plummer and others (2004). 
A, RC-2. B, RC-3. C, RC-4. 
D, RC-5. E, LV-8. F, BR-5. G, 
VH-2. H, K-3. I, K-7. J, K-15. 
K, K-16.
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Figure 22.  Zones of 
contribution to selected 
water-supply wells in the 
local-scale model area. 
Particles were released 
on October 31, 2012, for 
wells K-15 and K-16 and 
on October 31, 2013, for 
wells BR-5, K-3, K-7, LV-8, 
RC-2, RC-3, RC-4, RC-5, and 
VH-2. Ethylene dibromide 
plume from U.S. Army 
Corps of Engineers (2017b). 
Hydrochemical zones from 
Plummer and others (2004). 
A, RC-2. B, RC-3. C, RC-4. 
D, RC-5. E, LV-8. F, BR-5. G, 
VH-2. H, K-3. I, K-7. J, K-15. 
K, K-16.—Continued
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Figure 22.  Zones of 
contribution to selected 
water-supply wells in the 
local-scale model area. 
Particles were released 
on October 31, 2012, for 
wells K-15 and K-16 and 
on October 31, 2013, for 
wells BR-5, K-3, K-7, LV-8, 
RC-2, RC-3, RC-4, RC-5, and 
VH-2. Ethylene dibromide 
plume from U.S. Army 
Corps of Engineers (2017b). 
Hydrochemical zones from 
Plummer and others (2004). 
A, RC-2. B, RC-3. C, RC-4. 
D, RC-5. E, LV-8. F, BR-5. G, 
VH-2. H, K-3. I, K-7. J, K-15. 
K, K-16.—Continued

Figure 22GHI.

35°08'

35°06'

35°04'

35°02'

35°00'

35°08'

35°06'

35°04'

35°02'

35°00'

35°08'

35°06'

35°04'

35°02'

35°00'

I

K-7

EXPLANATION
!. Water-supply well

Pathlines before 1900

Pathlines 1900–1979

Pathlines 1980–2013 (1980–2012 for K-15 and K-16)

Pathlines 1980–2013 where pathline elevation
is equal to or greater than 4,800 feet. Datum is
North American Vertical Datum of 1988

Hydrochemical zone boundary

Zones of contribution for withdrawals
in October 2012 or October 2013 

Bulk Fuels
Facility

40

25

H

K-3

Bulk Fuels
Facility

40

25

G

VH-2

106°32'106°34'106°36' 106°32'106°34'106°36'

40

25

Eastern mountain-fro
nt zone 

Ea
st

er
n 

m
ou

nt
ai

n-
fro

nt
 zo

ne
 

Ce
nt

ra
l z

on
e 

Tijeras 
zone 

Arroyo 

Tij
er

as
 Ar

ro
yo

Ea
st

er
n 

m
ou

nt
ai

n-
fro

nt
 zo

ne
 

Ce
nt

ra
l z

on
e 

Tijeras 
zone 

Arroyo 

Tij
er

as
 Ar

ro
yo

Eastern mountain-fro
nt zone 

Eastern mountain-fro
nt zone 

Ea
st

er
n 

m
ou

nt
ai

n-
fro

nt
 zo

ne
 

Ce
nt

ra
l z

on
e 

Tijeras 
zone 

Arroyo 

Tij
er

as
 Ar

ro
yo

Ethylene dibromide (EDB) plume, 
December 2016—Outer edge 
of plume is EDB concentration of 
0.05 microgram per liter

Area with simulated recharge—
See figure 11 for type and timing

106°32'106°34'106°36'

Base from Bernalillo County Public Works Department, 2001
Lambert Azimuthal Equal-Area projection
North American Datum of 1983

0 2.5 5 MILES

0 2.5 5 KILOMETERS

Bulk Fuels
Facility

!.

!.

!.!.!.

!.!.!.

!. !.

!.

!.

!.

!. !.
!. !.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.
!.
!. !.

!.

!.

!.!.!.

!.!.!.

!. !.

!.

!.

!.

!. !.
!. !.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.
!.

!. !.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!. !.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!. !.

!. !.

!.

!.
!. !.

!.

!.
!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!. !.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!. !.

!. !.

!.

!.
!. !.

!.

!.
!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!. !.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!. !.

!. !.

!.

!.
!. !.

!.

!.
!.

!.!.

!.

!.

!.!.

!.

!.!.!.

!.!.!.

!. !.

!.

!.

!.

!. !.
!. !.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.
!.

!. !.



58    Hydrogeologic Framework, AOC, and ZOC, Upper Santa Fe Group Aquifer, Southeastern Albuquerque, New Mexico

to VH-2 passed through the BFF area at shallow enough 
depths to interact with EDB at the BFF in the 1980–2013 
period (fig. 22G). A model with a smaller cell size and a more 
detailed aquifer representation may be needed to determine 
accurately if pathlines for VH-2 may have intersected the EDB 
plume. It is important to note that the majority of pathlines for 
VH-2 did not pass through the BFF area at elevations greater 
than 4,800 ft, indicating that the majority of water produced 
from the VH-2 well would not have interacted with EDB in 
the BFF area. EDB has not been detected in water samples 
collected in 2012 through 2015 from the VH-2 well (U.S. 
Army Corps of Engineers, 2017a, table 6-6).

The effect of effective porosity on the location and size 
of the ZOCs to a well was evaluated for RC-5 for simulated 
effective porosities of 0.15 and 0.35 (fig. 23). Although 
most pathlines to a well in the local-scale model are likely 
best represented by an effective porosity of 0.25, effective 
porosity may be lower and higher in parts of the aquifer. For 
a decreased uniform effective porosity of 0.15, the size of the 
areal extent of the ZOCs to RC-5 increased in comparison to 
the ZOCs from the calibrated local-scale model (figs. 22D and 
23A), whereas the effective porosity of 0.35 had the opposite 
effect (figs. 22D and 23B). With the lower effective porosity 
and resulting higher velocity, pathlines to RC-5 include flow Figure 22JK.
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Figure 22.  Zones of 
contribution to selected 
water-supply wells in the 
local-scale model area. 
Particles were released 
on October 31, 2012, for 
wells K-15 and K-16 and 
on October 31, 2013, for 
wells BR-5, K-3, K-7, LV-8, 
RC-2, RC-3, RC-4, RC-5, and 
VH-2. Ethylene dibromide 
plume from U.S. Army 
Corps of Engineers (2017b). 
Hydrochemical zones from 
Plummer and others (2004). 
A, RC-2. B, RC-3. C, RC-4. 
D, RC-5. E, LV-8. F, BR-5. G, 
VH-2. H, K-3. I, K-7. J, K-15. 
K, K-16.—Continued
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farther from the well (fig. 23A) into the area of drawdown in 
southeastern Albuquerque (fig. 7). With its increased areal 
extent, more ZOC pathlines for the 1980–2013 period, as 
projected in plan view, lie within the December 2016 footprint 
of the EDB plume. However, as described previously for 
simulation using 0.25 effective porosity, all of the RC-5 
particles were north of the BFF area in 1980, would have 
moved northeast by advective groundwater flow starting in 
1980 at the same rate as the EDB, and would not have had the 
opportunity to interact with the EDB plume (fig. 23A).

Because of the increased areal extent of the ZOCs with 
the 0.15 effective porosity, more pathlines originate from 
the eastern perimeter of the local-scale model (fig. 23A) than 
in the 0.25 (fig. 22D) or 0.35 (fig. 23B) effective porosity 
simulations. Recharge along the eastern perimeter of the 
local-scale model would likely have shorter traveltimes to 
RC-5 than from the northern model perimeter (fig. 23A and 
fig. 1). As an independent check of groundwater-flow paths, a 
comparison of pathlines to the hydrochemical zone boundaries 
shows that the pathlines for the 0.25 and 0.35 effective 
porosity simulations generally are more consistent with 
hydrochemical zone boundaries than are the pathlines for the 
0.15 effective porosity simulations (figs. 22 and 23).

Future Pumping Scenario

Future water levels were simulated in the model by 
using the Water Authority’s “medium demand, medium 
supply” future pumping scenario (Albuquerque Bernalillo 
County Water Utility Authority, 2016). As discussed in the 
“Water-Level and Groundwater-Flow Changes” section of 

this report, water levels in southeastern Albuquerque have 
been rising since late 2008 because of the decrease in water-
supply well pumping. Projected water levels in local-scale 
model layer 3 (containing the water table) for model cells near 
well TR-1A and at the BFF (fig. 2) show that water levels 
are projected to continue rising through about 2030 at both 
the TR-1A and BFF locations (fig. 24). After 2030, projected 
water levels at the TR-1A and BFF locations begin to decline 
(fig. 24) in response to projected increases in pumping in the 
Water Authority’s “medium demand, medium supply” future 
pumping scenario (Albuquerque Bernalillo County Water 
Utility Authority, 2016).

ACRs and ZOCs to 10 of the 11 water-supply wells 
(BR-5, K-3, K-15, K-16, LV-8, RC-2, RC-3, RC-4, RC-5, 
and VH-2) near the EDB plume were delineated for particles 
released on October 31, 2050, for the future pumping 
scenario (table 8). Well K-7 was not included in the ACR and 
ZOC analyses for the future pumping scenario because K-7 
currently (2019) is being operated as an injection well for 
treated water withdrawn by the extraction wells. Projected 
2050 irrigation-season pumping rates for RC-2, RC-5, and 
LV-8 are less than the 2013 irrigation-season pumping rates, 
whereas the RC-3, RC-4, BR-5, and VH-2 projected 2050 
irrigation-season pumping rates are greater than the 2013 
irrigation-season pumping rates (table 8). The projected 
2050 irrigation-season pumping rates for the K-3, K-15, and 
K-16 wells were the same as for the 2012 and 2013 irrigation 
seasons. The same method of ACR and ZOC analysis 
was used as for the historical pumping conditions except 
that particles were tracked backwards in time starting on 
October 31, 2050.
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Figure 23.
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Figure 23.  Sensitivity analysis of the effects of effective porosities of A, 0.15 and B, 0.35 on the 
zone of contribution to well RC-5 for particles released on October 31, 2013, in the local-scale 
model area. Ethylene dibromide plume from U.S. Army Corps of Engineers (2017b). Hydrochemical 
zones from Plummer and others (2004).
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For the future pumping scenario (water extracted from 
wells on October 31, 2050), particle tracks indicated that 7 of 
the 10 water-supply wells (BR-5, K-15, K-16, LV-8, RC-2, 
RC-5, and VH-2) derived all of their water from sources 
outside the northern or eastern local-scale model boundary 
(Friesz and Myers, 2019). Only wells K-3, RC-3, and RC-4 
had ACRs within the local-scale model, indicating that they 
derived some of their water from simulated sources within 
the local-scale model (fig. 25). Increased pumping rates 
in the future pumping scenario do not necessarily result in 
larger ACRs in the local model area. For example, the ACR 
for well RC-4 is the same size or slightly smaller for the 
future pumping conditions simulation (fig. 25) than for the 
historical pumping conditions simulation (fig. 20) despite a 
March 16–October 31, 2050, irrigation-season pumping rate 
that is 1.3 times larger than the March 16–October 31, 2013, 
irrigation-season pumping rate (table 8). The future pumping 
conditions ACR for RC-4 is located to the northwest of the 
well as opposed to the southwest of the well for the historical 
pumping conditions simulation. The RC-3 future pumping 
conditions ACR is south of the well, whereas in the historical 
pumping conditions simulation RC-3 did not have an ACR in 
the local-scale model. The ACRs for wells RC-3 and RC-4 do 
not overlap the BFF area or the December 2016 EDB plume 

footprint. The future pumping conditions ACR for K-3 is 
larger and extends farther west than in the historical pumping 
conditions simulation. In addition, K-3 derives part of its 
recharge prior to 1980 and from 1980 to 2015 from the EDB 
plume area. 

Groundwater traveltimes from recharge locations to RC-3 
and RC-4 ranged from about 50 to 101 years and had median 
traveltimes of about 61 years for RC-3 and 65 years for RC-4 
(Friesz and Myers, 2019). Well K-3, which has a water-intake 
screen across the water table and is the shallowest screen of 
the three wells, had groundwater traveltimes ranging from 
a few months to about 99 years and a median traveltime of 
about 12 years (Friesz and Myers, 2019).

The areal extent of the ZOCs to the 10 water-supply 
wells was subdivided into four time periods: before 1900 
(orange), 1900–79 (blue), 1980–2015 (green), and 2015–50 
(brown) (fig. 26). These time periods were selected because 
groundwater and EDB started moving toward the northeast 
in 1980 and extraction-well pumping began in 2015 (fig. 26). 
In addition, pathlines in the 1980–2015 and 2015–50 periods 
with elevations higher than 4,800 ft were colored yellow 
(fig. 26). Similar to figure 22, the ZOCs to the wells are shown 
in figure 26 with younger pathlines overlying older pathlines.

Figure 24.
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Figure 24.  Projected water table elevation in local-scale model layer 3 near the 
Trumbull well cluster and at the Bulk Fuels Facility (fig. 2) simulated by using the 
“medium demand, medium supply” future pumping scenario (Albuquerque Bernalillo 
County Water Utility Authority, 2016). During the simulation, the water table was 
within local-scale model layer 3. 
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Figure 25.  Areas 
contributing recharge to 
selected water-supply 
wells in the local-scale 
model area. Particles 
were released on 
October 31, 2050, for wells 
BR-5, K-3, K-15, K-16, 
LV-8, RC-2, RC-3, RC-4, 
RC-5, and VH-2. Only 
wells K-3, RC-3, and RC-4 
had areas contributing 
recharge within the 
local-scale model area. 
Ethylene dibromide plume 
from U.S. Army Corps of 
Engineers (2017b).
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Figure 26ABC.
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Figure 26.  Zones of contribution to water-supply wells in the local-scale model area. Particles 
were released on October 31, 2050. Ethylene dibromide plume from U.S. Army Corps of Engineers 
(2017b). Hydrochemical zones from Plummer and others (2004). A, RC-2. B, RC-3. C, RC-4. D, RC-5. 
E, LV-8. F, BR-5. G, VH-2. H, K-3. I, K-15. J, K-16.
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Figure 26.  Zones of contribution to water-supply wells in the local-scale model area. Particles 
were released on October 31, 2050. Ethylene dibromide plume from U.S. Army Corps of Engineers 
(2017b). Hydrochemical zones from Plummer and others (2004). A, RC-2. B, RC-3. C, RC-4. D, RC-5. 
E, LV-8. F, BR-5. G, VH-2. H, K-3. I, K-15. J, K-16.—Continued
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Figure 26.  Zones of contribution to water-supply wells in the local-scale model area. Particles 
were released on October 31, 2050. Ethylene dibromide plume from U.S. Army Corps of Engineers 
(2017b). Hydrochemical zones from Plummer and others (2004). A, RC-2. B, RC-3. C, RC-4. D, RC-5. 
E, LV-8. F, BR-5. G, VH-2. H, K-3. I, K-15. J, K-16.—Continued
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The future pumping scenario ZOCs analysis indicated 
that five of the wells, RC-5, BR-5, VH-2, K-3, and K-16, 
have pathlines for 1980–2015 and that two of the wells, VH-2 
and K-16, have pathlines for 2015–50 that when projected 
in plan view overlap the December 2016 plume footprint 
(fig. 26D, F, G, H, and J). Of the five wells, only RC-5 and 
K-3 have pathlines for 1980–2015 that are above an elevation 
of 4,800 ft and could interact with the EDB plume (fig. 26D 
and H) if EDB was present when the particles were present. 
The pathlines for wells BR-5, VH-2, and K-16 that project 
in plan view with the December 2016 footprint of the EDB 
plume have elevations deeper than 4,800 ft (fig. 26F, G, and J) 

so would not have the opportunity to interact with the EDB 
plume, if present.

One difference of note between the historical and 
future pumping conditions ZOC outlines is that the future 
pumping conditions ZOCs appear to be wider in the east-west 
dimension. In particular, the future pumping conditions ZOCs 
for LV-8 and BR-5 have a larger footprint in map view than do 
the historical pumping conditions ZOCs (compare fig. 22E to 
fig. 26E and fig. 22F to fig. 26F). These differences may result 
from the changes in water levels in southeastern Albuquerque 
that are affecting the rate and direction of groundwater flow 
near the EDB plume (U.S. Army Corps of Engineers, 2017a).
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Figure 26.  Zones of contribution to water-supply wells in the local-scale model area. Particles 
were released on October 31, 2050. Ethylene dibromide plume from U.S. Army Corps of Engineers 
(2017b). Hydrochemical zones from Plummer and others (2004). A, RC-2. B, RC-3. C, RC-4. D, RC-5. 
E, LV-8. F, BR-5. G, VH-2. H, K-3. I, K-15. J, K-16.—Continued
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Summary
The Santa Fe Group aquifer is an important source of 

water to communities within the Middle Rio Grande Basin, 
including the Albuquerque-Rio Rancho metropolitan area and 
Kirtland Air Force Base, New Mexico. In November 1999, 
Kirtland Air Force Base personnel observed fuel-stained soils 
at the Bulk Fuels Facility on the base. Subsequent pressure 
tests identified pipeline leaks. Fuels stored at the Bulk Fuels 
Facility have included aviation gasoline, jet propellant 4, and 
jet propellant 8. The exact date when the pipes began leaking 
and the amounts of fuels that leaked are unknown. The fuels 
migrated about 480 feet down to the water table. Ethylene 
dibromide, the constituent making up the most extensive part 
of the plume and a component of leaded aviation gasoline, 
has formed a plume that, in December 2016, was 400 to 
1,300 feet wide, extended about 5,800 feet northeast from the 
Bulk Fuels Facility, and was about 3,700 feet from the nearest 
downgradient water-supply well. 

Prior to widespread development of groundwater 
resources (1960s to 1980s) in southeastern Albuquerque, 
groundwater near the present-day location of the Bulk Fuels 
Facility flowed to the southwest. Groundwater began flowing 
northeast in about 1980 towards a large area of lowered water 
levels caused by groundwater pumping. Since the Albuquerque 
Bernalillo County Water Utility Authority (Water Authority) 
began diverting San Juan-Chama surface water from the Rio 
Grande in late 2008 to supplement its groundwater supply, 
groundwater levels in southeastern Albuquerque have been 
rising. In 2013 and 2014 the Water Authority, the U.S. Air 
Force, and the U.S. Geological Survey began a cooperative 
study to characterize the geology and hydrology of the Santa 
Fe Group aquifer in the vicinity of the ethylene dibromide 
plume and to develop a local-scale groundwater-flow model to 
delineate areas contributing recharge and zones of contribution 
to selected water-supply wells. 

The Middle Rio Grande Basin is one of several 
sediment-filled structural basins associated with the north-
south trending Rio Grande Rift. Mean annual precipitation 
at the Albuquerque International Sunport for 1981–2010 was 
9.45 inches per year, of which about 55 percent fell during 
July through October. The principal stream in the Middle Rio 
Grande Basin is the north-south flowing Rio Grande, which, 
in the Albuquerque-Rio Rancho metropolitan area, is perennial 
but generally loses water to the adjacent aquifer. Within the 
local-scale model area, the ephemeral Tijeras Arroyo is the 
primary drainage. Water supplied to Albuquerque residents 
by the Water Authority currently (2019) is obtained from both 
the Santa Fe Group aquifer and from San Juan-Chama surface 
water. Groundwater from the Santa Fe Group aquifer was the 
sole source of water to Albuquerque until late 2008, when 
the San Juan-Chama surface-water diversion and treatment 
plant began supplying potable water. During 2014, water 
supplied to Water Authority customers was about 39 percent 
groundwater, 57 percent surface water, and 4 percent treated 
nonpotable water. 

Crustal stretching and thinning along the Rio Grande Rift 
began 25–30 million years ago. The resulting fault-separated 
structural basins filled with the Oligocene- to Pleistocene-age 
sediments of the Santa Fe Group that are as much as about 
14,500 feet thick in the central Middle Rio Grande Basin. 
The Santa Fe Group has been subdivided into informal lower, 
middle, and upper lithostratigraphic units. Within the upper 
Santa Fe Group, the Sierra Ladrones Formation consists of 
ancestral Rio Grande axial-fluvial sediments and piedmont-
slope sediments derived from mountains to the east. Locally, 
within the axial-fluvial sediments, two lithologic units 
characterized by abundant silt and clay layers have informally 
been named the A1 and A2 units. 

In general, the lithified rocks surrounding and underlying 
the Middle Rio Grande Basin are less permeable than the 
unconsolidated sediments of the Santa Fe Group. Internal 
hydrogeologic characteristics that influence the direction and 
rate of groundwater flow primarily are the hydraulic properties 
of geologic units and the three-dimensional stratigraphic and 
structural arrangement of the geologic units and faults. The 
presence of the axial-fluvial sediments, bounded to the east 
and west by finer-grain units, creates horizontal anisotropy 
in hydraulic conductivity and natural microscale layering, 
and the presence of the A1 and A2 units creates vertical 
anisotropy. While horizontal groundwater flow in axial-fluvial 
sediments is relatively unimpeded, vertical groundwater 
flow generally is impeded by lower vertical hydraulic 
conductivities. 

Recharge to the Santa Fe Group aquifer in the Middle 
Rio Grande Basin occurs along stream channels, canals, and 
mountain fronts; from irrigated agriculture areas, septic fields, 
water-distribution and sewage-collection systems; and from 
subsurface inflow of groundwater at basin margins. Discharge 
from the Santa Fe Group aquifer in the Middle Rio Grande 
Basin occurs primarily by seepage to irrigation drains and by 
groundwater pumping but also by riparian evapotranspiration 
along the Rio Grande and subsurface groundwater outflow at 
the southern end of the basin. 

Because of groundwater pumping in the Middle Rio 
Grande Basin, water levels in many areas have declined 
and groundwater-flow directions have changed. By 2008, 
groundwater levels had declined more than 100 ft in 
southeastern Albuquerque within the local-scale model 
area. The drawdown in southeastern Albuquerque caused 
groundwater flow in areas southwest of the area of drawdown 
to reverse direction from southwesterly to northeasterly. The 
reversal of groundwater-flow direction occurred in the Bulk 
Fuels Facility area in about 1980. In late 2008, the Water 
Authority began utilizing San Juan-Chama surface water for 
public supply, and as a result of decreased pumping, water 
levels in southeastern Albuquerque began to rise in early 2009 
and were still rising at the end of 2016.

 A previously developed Middle Rio Grande Basin 
regional groundwater-flow model with nine model layers and 
uniformly spaced horizontal model cells of 500 by 500 meters 
was updated, and a smaller local-scale model was developed, 
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for this study. Groundwater levels and flows between the 
updated regional and local-scale models were simulated by 
using MODFLOW–LGR2, which enables two-way iterative 
coupling of the separate MODFLOW–2005 regional and 
local-scale models. Advective groundwater-flow paths were 
simulated and visualized with the MODPATH particle-tracking 
program. The updated regional model, based on the previously 
developed regional model, includes a steady-state simulation 
of average hydrologic conditions prior to 1900 followed by a 
transient simulation of changing hydrologic conditions from 
1900 to October 31, 2013. 

The local-scale model had the same temporal 
discretization as the updated regional model. The spatial 
distribution of natural and anthropogenic sources of vertical 
recharge in the local-scale model was inherited from the 
updated regional model. Most of the distribution of hydraulic 
properties except hydraulic conductivity was also inherited 
from the updated regional model. The local-scale model 
replaced the top six layers of a 38 row by 20 column block 
of the updated regional model. Hydraulic properties of the 
aquifer, defined by model parameters Ksilts, Ksdfm, Ksdm, 
Ksdmc, Kpdmt, Kmult, and Ka2a1, were assigned on the 
basis of lithologic units. Parameter Kmult represented the 
coarse- to very coarse-grain axial-fluvial sediments, and 
Ka2a1 represented the predominantly fine-grain A1 and A2 
layers. In addition, a parameter for effective porosity, applied 
uniformly for the local-scale model, was used to help calibrate 
the model and to calculate groundwater-flow velocities. The 
local-scale model was calibrated with the inverse modeling 
program UCODE–2005. Groundwater-level and advective-
transport observations were used in local-scale model 
calibration. After calibration, the average weighted residual 
for all groundwater-level and advective-transport observations 
was 0.17 feet. A simulated groundwater-flow path originating 
at the ethylene dibromide plume source was compared to 
the mapped ethylene dibromide plume extent for calibration 
of advective transport. Inclusion of the advective-transport 
observation in the calibration decreased the distance between 
the observation and its simulated equivalent from 1,830 to 
1,220 feet. The analysis of the residuals and optimal parameter 
values indicated that the local-scale model is acceptable for 
the purposes of the study. 

For the November 1, 1998, to October 31, 1999, stress 
periods, mean net inflows to the local-scale model, in cubic 
feet per second, were mountain-front recharge, 0.16; tributary 
recharge, 0.68; water-distribution and sewage-collection 
systems leakage, 2.5; irrigated agriculture seepage, 0.00035; 
septic-field seepage, 0.034; release from aquifer storage, 14; 
and subsurface inflow, 77. For the same stress periods, mean 
net outflows from the local-scale model, in cubic feet per 
second, were groundwater withdrawals, 94.35; and subsurface 
outflow, 0.48.

The analysis presented in this report is based on the local-
scale model which, necessarily, is a simplified representation 
of the aquifer system. The spatial resolution of simulation 
results is limited by the size of the model cells. Parameters 

representing hydraulic properties were consolidated and 
assigned to groups of model cells, and a uniform value of 
effective porosity was used throughout this complex aquifer. 
The spatial extent of recharge in the local-scale model, 
inherited from the updated regional model, may be spread 
over a larger area than in reality. Parameter values estimated 
through model calibration are unique to this model and its 
specified boundary conditions. The volume of inflow from 
the updated regional model to the local-scale model along 
the local-scale model boundaries is a source of uncertainty 
because changes to parameters in the local-scale model were 
not extended into the updated regional model. 

For historical and future pumping scenarios, areas 
contributing recharge and zones of contribution to selected 
water-supply wells were delineated by tracking groundwater- 
flow paths with the MODPATH particle-tracking program. 
For the historical pumping scenario, particles were tracked 
backwards in time from October 31, 2013 (October 31, 2012, for 
wells K-15 and K-16), and for the future pumping scenario, 
particles were tracked backwards from October 31, 2050. 

Of 11 wells included in the historical pumping analysis of 
areas contributing recharge, only K-3, K-7, and RC-4 derived 
a portion of their water from simulated recharge sources 
within the local-scale model. None of the areas contributing 
recharge overlap the Bulk Fuels Facility area or the ethylene 
dibromide plume footprint as delineated using December 2016 
ethylene dibromide data. Traveltimes from recharge locations 
in the local-scale model to the three wells ranged from a few 
months to 64 years. 

For the historical pumping analysis of zones of 
contribution, particles for all 11 wells generally moved 
southwest from the north and east boundaries of the local-scale 
model. Because of the southwesterly groundwater flow prior 
to 1980, many of the particles moved past their target well but 
then moved back towards their target well after 1980, when 
groundwater flow changed to the northeast. Of the 11 wells, 
only RC-5, BR-5, and VH-2 had 1980–2013 pathlines that 
overlapped the December 2016 ethylene dibromide plume 
footprint. Wells BR-5 and VH-2 had 1980–2013 pathlines that 
overlapped the Bulk Fuels Facility area. The areal extent of 
the ethylene dibromide plume between 1980 and about 2007 is 
unknown, so it is difficult to determine if 1980–2013 pathlines 
for wells BR-5, RC-5, and VH-2 would have interacted with 
the ethylene dibromide plume. Particles that were north of 
the Bulk Fuels Facility when groundwater flow reversed 
direction from southwest to northeast in 1980 would not 
have the opportunity to interact with the ethylene dibromide 
plume because the particles and the ethylene dibromide 
would have both been moving northwest at about the same 
rate by advective groundwater flow. Wells BR-5, VH-2, and 
K-15 did have particles southwest of the Bulk Fuels Facility 
in 1980. Particles traveling to BR-5 passed under the Bulk 
Fuels Facility area in the 1980–2013 period, but none of 
the pathlines were shallow enough to interact with ethylene 
dibromide at the Bulk Fuels Facility. Some of the particles 
traveling to VH-2 passed through the Bulk Fuels Facility area 
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at shallow enough depths to interact with ethylene dibromide 
at the Bulk Fuels Facility in the 1980–2013 period. Ethylene 
dibromide has not been detected in water samples collected in 
2012 through 2015 from the VH-2 well. Particles traveling to 
K-15 passed very near the Bulk Fuels Facility in the 1980–2013 
period, but none of the pathlines were shallow enough to 
interact with ethylene dibromide at the Bulk Fuels Facility.

Of 10 water-supply wells included in the future pumping 
analysis of areas contributing recharge, only wells RC-3, 
RC-4, and K-3 had areas contributing recharge within the 
local-scale model. The areas contributing recharge for wells 
RC-3 and RC-4 do not overlap the Bulk Fuels Facility area or 
the December 2016 ethylene dibromide plume footprint, but 
K-3 derives part of its recharge prior to 1980 and during 1980–
2015 from the December 2016 plume footprint. Groundwater 
traveltimes from recharge locations to RC-3 and RC-4 ranged 
from about 50 to 101 years and from a few months to about 
99 years for K-3.

The zones of contribution analysis for the future pumping 
scenario indicated that wells RC-5, BR-5, VH-2, K-3, and 
K-16 have pathlines for 1980–2015 and wells VH-2 and K-16 
have pathlines for 2015–50 that when projected in plan view 
overlap the December 2016 plume footprint. Of these five 
wells, only RC-5 and K-3 have pathlines for 1980–2015 that 
are above an elevation of 4,800 feet and could interact with the 
ethylene dibromide plume if ethylene dibromide was present 
when the particles were present. 
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