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Water-Budget Analysis of the Upper Big Sandy Designated
Groundwater Basin Alluvial Aquifer, Elbert, El Paso, and
Lincoln Counties, Colorado, 2016

By Michael S. Kohn, Jeannette H. Oden, and L.R. Arnold

Abstract

The U.S. Geological Survey in cooperation with the
Colorado Water Conservation Board and the Upper Big Sandy
Groundwater Management District carried out a study in 2016
to evaluate potential groundwater storage changes within the
Upper Big Sandy Designated Groundwater Basin (UBSDGB)
alluvial aquifer, including groundwater flow between the
UBSDGB alluvial aquifer and the Denver Basin bedrock aqui-
fers. The UBSDGB alluvial aquifer is located along the ephem-
eral Big Sandy Creek on the east-central edge of the Denver
Basin aquifer system and covers an area of about 66,560 acres
within the UBSDGB. The UBSDGB alluvial aquifer consists
of unconsolidated Quaternary sand and gravel deposits that
contain an unconfined (water table) groundwater system. The
western three-fourths of the UBSDGB alluvial aquifer overlies
the Tertiary and Cretaceous bedrock formations that compose
the Denver Basin aquifer system. The updated water budget
for the UBSDGB alluvial aquifer, including annual change in
groundwater storage in 2016, was determined by combining
water-budget information from an existing Denver Basin model
for about three-fourths of the study area with best estimates for
the major water-budget components for the area outside the
Denver Basin aquifer system. The western part of the UBS-
DGB was included in the Denver Basin model (modeled area),
whereas the eastern part of the UBSDGB was not included in
the Denver Basin model (unmodeled area). The water-budget
components were first estimated for the modeled area using
outputs from the Denver Basin model, which uses the modular
finite-difference groundwater flow computer model MOD-
FLOW-2000 with 1-mile grid cells. For this study, the Denver
Basin model was updated with additional data from 2004
through 2016 to generate current (2016) estimates of water
consumption in the UBSDGB alluvial aquifer. A basin-specific
water budget for the UBSDGB alluvial aquifer from the Den-
ver Basin model was computed using a modeling tool called
ZONEBUDGET. The modeled area groundwater budget, along
with previous studies, was used to estimate a groundwater
budget for the unmodeled area, and results for the modeled and
unmodeled areas were combined for an overall water-budget
estimate for the entire UBSDGB alluvial aquifer.

The net groundwater flow into the basin from adjacent
alluvial aquifers was positive with flow entering the UBSDGB
alluvial aquifer. Combining the total inflow from adjacent allu-
vial and the total outflow to adjacent alluvial aquifers resulted
in a net flow from adjacent alluvial aquifers to UBSDGB
alluvial aquifer of 5,125 acre-feet (ac-ft) in 2016. The net flow
between the underlying bedrock aquifers and the UBSDGB
alluvial aquifer was positive with flow entering the UBSDGB
alluvial aquifer from the bedrock aquifers. The net flow from
the bedrock aquifers to the UBSDGB alluvial aquifer was
347 ac-ft in 2016. Net recharge (precipitation and irrigation
return flows minus evaporation) into the UBSDGB alluvial
aquifer was negative with groundwater being removed from
the UBSDGB alluvial aquifer over the total area of the basin.
Combining the total inflow from recharge to the UBSDGB
alluvial aquifer of 11,153 ac-ft in 2016 and the total evapo-
transpiration of —11,656 ac-ft from the UBSDGB alluvial
aquifer in 2016 resulted in a net recharge from UBSDGB
alluvial aquifer of =503 ac-ft in 2016. Combining the modeled
and unmodeled well pumping resulted in a total well pumping
volume of —3,735 ac-ft in 2016 from the UBSDGB alluvial
aquifer. The net groundwater flow to the stream network in the
basin was negative with flow discharging from the UBSDGB
alluvial aquifer into streams. Combining the total inflow from
streams and the total outflow to streams for the UBSDGB
alluvial aquifer resulted in —1,032 ac-ft in 2016 that was lost
to the stream network in the UBSDGB. The net groundwater
flow out of the UBSDGB was negative with flow leaving the
UBSDGB alluvial aquifer. Combining the total area inflow to
the basin from upgradient areas and the total area outflow from
the basin for the UBSDGB alluvial aquifer resulted in a net
flow out of the basin of —2,300 ac-ft. In the annual ground-
water budget for 2016, groundwater storage in the UBSDGB
alluvial aquifer system was removed because annual ground-
water outflows from storage exceeded groundwater inflows to
storage; in other words, water was removed from storage to
balance the annual water budget. Combining the net flow from
storage for the modeled area of 73 ac-ft and the inflow from
storage for the unmodeled area of 2,025 ac-ft resulted in a net
positive flow from storage of the UBSDGB alluvial aquifer of
2,098 ac-ft.



2 Water-Budget Analysis, Big Sandy Groundwater Basin Aquifer, Elbert, El Paso, Lincoln Counties, Colo., 2016

Increased pumping since 1958 in the Denver and upper
Arapahoe aquifers, not necessarily in the UBSDGB, has
caused a change in flow from bedrock units, which were
minor or non-contributors of inflow to the UBSDGB alluvial
aquifer, to receiving outflow from the UBSDGB alluvial
aquifer. Since 2000, aquifer storage has been an inflow com-
ponent of the water budget, which means that outflow from
the modeled area exceeded inflow for the UBSDGB alluvial
aquifer. Increased recharge from wetter than average years
could replenish the UBSDGB alluvial aquifer. From 2003
through 2016, 13 of the 25 observation wells completed in the
UBSDGB alluvial aquifer had a decline in the groundwater-
level elevation with an average decline of —2.21 feet, and 12
of the 25 observation wells had an increase in the ground-
water-level elevation with an average increase of 1.54 feet.
In general, wells at the eastern and western edges of the
UBSDGB showed an increase in groundwater-level elevation
that appears related to areas of groundwater discharge from
the lower Dawson and Laramie-Fox Hills bedrock aqui-
fers to the UBSDGB alluvial aquifer. The remaining wells
exhibited water-level declines. Future work could include
the development of a basin-specific model to serve as a basin
management tool for modeling changes in groundwater levels
and storage under various future groundwater recharge and
withdrawal scenarios.

Introduction

The U.S. Geological Survey (USGS) in cooperation with
the Colorado Water Conservation Board and the Upper Big
Sandy Groundwater Management District carried out a study
in 2016 to evaluate potential changes to groundwater storage
within the Upper Big Sandy Designated Groundwater Basin
(UBSDGB) alluvial aquifer. The UBSDGB is in the Arkansas
River Basin in parts of El Paso, Elbert, and Lincoln Counties
and is one of eight Designated Groundwater Basins in eastern
Colorado (fig. 1). Designated Groundwater Basins are areas
in the eastern plains of Colorado with very little surface water
where users rely primarily on groundwater as their source
of water supply (Colorado Division of Water Resources,
2017a). The Colorado Ground Water Commission (CGWC)
is a regulatory and an adjudicatory body authorized by the
State of Colorado General Assembly to manage and con-
trol groundwater resources within eight Designated Ground
Water Basins in eastern Colorado. (Colorado Division of
Water Resources, 2017a). Designated Groundwater Basins are
underlain by unconfined, alluvial sand and gravel aquifers that
receive limited recharge in the semi-arid climate, so under-
standing the hydrogeology of these basins and quantifying the
groundwater budget are important for informing the effective
management of these groundwater resources.

The Upper Big Sandy Groundwater Management
District has administrative authority to manage the with-
drawal and use of designated groundwater within the
UBSDGB. The Upper Big Sandy Groundwater Management

District was formed on October 22, 1976, by the CGWC.
The rules, regulations, and guidelines adopted by the Upper
Big Sandy Groundwater Management District are intended
to ensure that groundwater in the UBSDGB is put to benefi-
cial use within the UBSDGB on a sustainable basis and in a
manner that does not injure prior appropriations of ground-
water (Upper Big Sandy Groundwater Management District,
2011). Previous investigations (Martin and Wood Water
Consultants, Inc., 2009; Paschke, 2011) indicate that ground-
water storage in the UBSDGB alluvial aquifer relies on
precipitation and irrigation return flow for recharge and thus
can be depleted in dry years. Because of increased pump-
ing from the UBSDGB alluvial aquifer since 1940 (Graham
and VanSlyke, 2004), the Upper Big Sandy Groundwater
Management District is concerned with potentially declin-
ing groundwater levels and thus available groundwater in
storage for the UBSDGB alluvial aquifer. The current study
quantified a water budget for, and water availability in,

the UBSDGB alluvial aquifer, including groundwater flow
between the UBSDGB alluvial aquifer and the Denver Basin
bedrock aquifers and annual change in groundwater stor-
age in 2016, and provided information for water-resource
management of the alluvial aquifer within the UBSDGB.

An updated water budget for the UBSDGB alluvial aquifer
improves the understanding of the potential effects of urban-
ization and climate on the future groundwater aquifer storage
within the UBSDGB and thus the water supply for agricul-
ture, municipal, domestic, and commercial uses.

Study Area

The UBSDGB covers an area of 282,170 acres in
parts of El Paso, Elbert, and Lincoln Counties (fig. 1). The
towns within the UBSDGB include Calhan, Ramah, Simla,
Matheson, and Limon (fig. 1). The western extent of the
UBSDGB begins at the headwaters of the Big Sandy Creek
and covers land on either side of the creek to just east of
Limon. Big Sandy Creek is ephemeral and flows generally to
the northeast until the Big Bend area where the creek turns
to the southeast (fig. 1). This part of Colorado is generally
level to rolling prairie broken by occasional hills and bluffs
(Doesken and others, 2003).

The climate is semiarid continental with an average
annual precipitation of 11-18 inches (Robson, 1987). Humid-
ity is generally quite low (favoring rapid evaporation),
rain and snow are infrequent, winds are moderate to high,
and the daily and seasonal ranges in temperature are large
(Doesken and others, 2003). July average high temperatures
are 80-90 degrees Fahrenheit (°F), and the January average
low temperatures are 10—12°F (Robson, 1987). The wettest
time of year over the eastern plains is April through early
September. Localized rains from intense thunderstorms pose
the greatest threat of flash flooding (Doesken and others,
2003). Precipitation is an important source of water for direct
use (irrigation or municipal supply) and as recharge to aqui-
fers (Robson, 1987).
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EXPLANATION

I:] Denver Basin aquifer system

Figure 1.

The UBSDGB alluvial aquifer is located along Big Sandy
Creek on the east-central edge of the Denver Basin aquifer
system and covers an area of about 66,560 acres within the
UBSDGB (fig. 2). The UBSDGB alluvial aquifer consists of
unconsolidated Quaternary sand and gravel deposits that contain
an unconfined (water table) groundwater system. The base
of the aquifer slopes southeast away from the Palmer Divide
(fig. 3; Paschke, 2011). Depth to water below land surface in the
UBSDGB alluvial aquifer ranges from 6 to 51 feet (Colorado
Division of Water Resources, 2017b). Alluvial aquifers are used
primarily as a source of irrigation supply, which is the largest
water use in the area (Robson, 1987). For the Denver Basin
aquifer system, most (about 80 percent) of the water moving
in and out of the bedrock aquifers moves through near-surface
parts of the system, including the alluvial aquifers; about
62 percent of the water pumped from wells in the Denver Basin
aquifer system is from alluvial aquifers (Paschke, 2011).
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The western three-fourths of the UBSDGB alluvial
aquifer overlies Tertiary and Cretaceous bedrock formations
that compose the Denver Basin aquifer system (fig. 3). From
oldest to youngest, the four primary units of the Denver
Basin aquifer system are the Laramie—Fox Hills aquifer, the
Arapahoe aquifer, the Denver aquifer, and the Dawson aqui-
fer (Robson, 1987) (fig. 4). The Denver Basin aquifer system
was simulated as a 12-layer system (Paschke, 2011). Start-
ing with the uppermost layer, the layers include (1) alluvial
aquifers, (2) upper Dawson aquifer, (3) Dawson confining
unit, (4) lower Dawson aquifer, (5) Denver upper confining
unit, (6) Denver aquifer, (7) Denver lower confining unit,

(8) upper Arapahoe aquifer, (9) Arapahoe confining unit,
(10) lower Arapahoe aquifer, (11) Laramie confining unit,
and (12) Laramie—Fox Hills aquifer (figs. 3, 4). The five
intervening confining units are represented by the same color
in figure 3. The lower Dawson, Denver, upper Arapahoe,
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lower Arapahoe, and Laramie-Fox Hills aquifers are present
beneath the UBSDGB; the Dawson confining unit and upper
Dawson aquifer are not present in the UBSDGB (fig. 3). The
eastern one-fourth of the UBSDGB is outside the area of the
Denver Basin aquifer system and is underlain by the Pierre
Shale (figs. 3, 4), which is generally considered the basal
confining unit of the Denver Basin aquifer system (Paschke,
2011). In the eastern part of the study area, the bedrock
aquifers of the Denver Basin aquifer system were removed
by erosion and are not present. Because of its position with
respect to the Denver Basin aquifer system (fig. 2), the
western part (329 square miles [mi*]) of the UBSDGB was

included in the Denver Basin model (modeled area), whereas
the eastern part (111 mi?) of the UBSDGB was not included
in the Denver Basin model (unmodeled area).

Agriculture is the main economic driver in Elbert
County. This county is a top producer of cattle and wheat;
1,043,135 acres of land are in farms, of which approximately
80 percent was pastureland in 2012 (U.S. Department of
Agriculture, 2012a). El Paso County also has a robust agricul-
tural economy based on ranching and farming primarily in the
eastern part of the county. Farms account for 648,916 acres of
land in El Paso County, of which about 90 percent was pas-
tureland in 2012 (U.S. Department of Agriculture, 2012b). The
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Location of the Denver Basin aquifer system, Upper Big Sandy Designated Groundwater Basin modeled area, Upper Big

Sandy Designated Groundwater Basin alluvial aquifer modeled area, Upper Big Sandy Designated Groundwater Basin unmodeled
area, and the Upper Big Sandy Designated Groundwater Basin alluvial aquifer in eastern Colorado.
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UBSDGB extends into Lincoln County far enough to include
Limon, which is the largest town in Lincoln County with a
population of 1,880 (Suburban Stats, 2017).

Previous Studies

Previous studies of the UBSDGB alluvial aquifer include
a groundwater-flow model of the Denver Basin aquifer system
(Paschke, 2011) and previous aquifer-specific water-budget
estimates (Martin and Wood Water Consultants, Inc., 2009).
Paschke (2011) was part of a nationwide USGS project focused
on updating groundwater availability assessments of principal
aquifers. Paschke (2011) evaluated the hydrologic effects of
development on Denver Basin groundwater resources and docu-
mented the Denver Basin groundwater-flow model, including
results of model sensitivity. These results were used to identify
areas of the system where additional data would improve the

model calibration and predictions (Paschke, 2011). The Denver
Basin model simulates groundwater flow in the Denver Basin
bedrock aquifers and the overlying alluvial aquifers three
dimensionally for the period from 1880 through 2003. Model
predictions for the period 2004-2053 provide estimates of the
future hydrologic system response to continued development
(Paschke, 2011). Simulation results indicate that pumping from
bedrock aquifers can lower hydraulic heads and deplete aquifer
storage in bedrock units as well as overlying alluvial aquifers.
The increase in downward gradients reduces discharge from
bedrock units to the alluvial aquifers and streams and increases
downward flow between bedrock layers (Paschke, 2011).
Martin and Wood Water Consultants, Inc. (2009)
conducted a study to assess the consumptive and non-
consumptive water needs within the UBSDGB and compared
those needs against the sustainable available water supply
using a water-balance assessment approach. Consumptive



water needs were defined as those that once used will not be
returned to the source; in contrast, non-consumptive water
needs were those that after use are returned to the source and
can be reused. In the UBSDGB, consumptive water needs
included phreatophyte use, groundwater leaving the UBSDGB
(underflow), and stock watering; the non-consumptive water
needs consisted of municipal and irrigation pumping (Martin
and Wood Water Consultants, Inc., 2009). Martin and Wood
Water Consultants, Inc. (2009) also quantified the volume of
alluvial groundwater stored within the aquifer and estimated
the economically recoverable quantity of this water. The
water-budget components quantified included precipitation
recharge, irrigation return flows, and municipal wastewater
return flows as inflows to the UBSDGB alluvial aquifer. The
outflow components were irrigation pumping, municipal
pumping, stock watering, phreatophyte use, and groundwater
leaving the UBSDGB (Martin and Wood Water Consultants,
Inc., 2009). Martin and Wood Water Consultants, Inc. (2009)
developed four water balances: average year, wet year, dry
year, and permitted pumping. All water balances except the
wet-year scenario indicated a net reduction of aquifer storage.
Also, the major inflow component to the UBSDGB alluvial
aquifer was recharge from precipitation, and the major out-
flows from the aquifer were to phreatophyte use and irrigation
pumping. Martin and Wood Water Consultants, Inc. (2009)
indicate that water levels within the UBSDGB, under 2009
climate (average rainfall year) and pumping conditions, are
likely to decline unless there are multiple wet years.

The UBSDGB alluvial aquifer was determined to be
over appropriated because an average precipitation year water
balance predicted an approximately 2,100 acre-feet (ac-ft)
reduction of aquifer storage, based on the 2009 aquifer use,
which corresponded to an anticipated drop in the water table of
less than 2 inches (Martin and Wood Water Consultants, Inc.,
2009). As a result of the findings in Martin and Wood Water
Consultants, Inc. (2009), the CGWC closed the UBSDGB
to the drilling of new high-capacity (irrigation, municipal)
wells in 2010. In 2011, the Upper Big Sandy Groundwater
Management District drafted new regulations to restrict
practices that would adversely affect the UBSDGB alluvial
aquifer, replacing rules that had been adopted in May 1992
(Upper Big Sandy Groundwater Management District, 2018).

Purpose and Scope

The purpose of this report is to present an updated water-
budget analysis for the UBSDGB alluvial aquifer, including
groundwater flow between the UBSDGB alluvial aquifer and
the Denver Basin bedrock aquifers, and annual change in
groundwater storage in 2016. This updated water budget was
determined by combining water-budget information from an
existing Denver Basin model (Paschke, 2011) for about three-
fourths of the study area with best estimates for the major
water-budget components for the area outside the Denver
Basin model area. Components of the UBSDGB alluvial
aquifer water budget are shown in figures and tables.

Methods 7

Methods

A groundwater budget is an itemized list of the sources
and quantities of water recharging an aquifer and the sources
and quantities of water discharging from the aquifer (Robson,
1983) or more simply, an accounting budget of all water enter-
ing and leaving an aquifer. The change in aquifer storage is the
difference between the sum of inflows to and outflows from
an aquifer (Anderson and Woessner, 1992). A groundwater-
flow model digitally represents an aquifer system and includes
information on recharge, discharge, and aquifer properties for
groundwater-flow simulation. Results from a groundwater-
flow simulation include the distribution of hydraulic heads
in an aquifer as well as a water budget, information on
groundwater flow in aquifers, and the effects of development
on groundwater resources. This makes a groundwater-flow
model a useful tool for evaluating aquifer recharge, discharge,
and water budgets (Anderson and Woessner, 1992) as well as
for analyzing past and present conditions (Paschke, 2011).

This report presents estimates of water-budget
components for the UBSDGB alluvial aquifer within the
UBSDGB. To estimate the water-budget components for the
UBSDGB alluvial aquifer, budget components for the modeled
area and the unmodeled area of the UBSDGB alluvial aquifer
were estimated separately, and then the results were combined
for an overall water-budget estimate. A USGS data release of
all the input and output files for the simulation and calibration
described in Paschke and others (2011) was published by Banta
and others (2017). A second USGS data release archiving the
modeling input and output files for the simulation described in
this report for this study was published by Kohn (2019).

Water-Budget Components within Denver Basin
Modeled Area

The water-budget components were estimated for the mod-
eled area using outputs from the Denver Basin model, which
uses the modular finite-difference groundwater flow computer
model MODFLOW-2000 (Harbaugh and others, 2000) with
1-mile (mi) grid cells (Paschke, 2011). A basin-specific water
budget for the UBSDGB alluvial aquifer was extracted from
the Denver Basin model results using the tool ZONEBUDGET
(Harbaugh, 1990). ZONEBUDGET is a computer model that
calculates a water budget for a specified subarea of a ground-
water model. For the present study, the subarea is the alluvial
aquifer within the UBSDGB. In the Denver Basin model, allu-
vial aquifers were represented as the top geologic layer (layer 1)
of the 12-layer model, and the UBSDGB alluvial aquifer was
included as part of the layer 1 alluvial aquifers.

Denver Basin Model Updates

Groundwater storage change within the UBSDGB alluvial
aquifer was determined by updating water-budget components
from the Denver Basin model (Paschke, 2011) for the UBSDGB
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modeled area. The inflow components considered were recharge
from precipitation and irrigation return flows, inflow from
streams, groundwater inflow from adjacent alluvial aquifers,
groundwater inflow from underlying bedrock aquifers, and
groundwater inflow from upgradient areas. In the Denver Basin
model (Paschke, 2011), the water-budget component, recharge,
included precipitation and return flows from agriculture
irrigation and urban applications, such as lawn irrigation and
general water use. The urban recharge rate was applied to urban
areas within the model extent on the basis of land-use mapping
(Paschke, 2011). Because no urban land-use areas were delin-
cated by Paschke (2011) in the modeled area of the UBSDGB,
the recharge inflow component for this study includes only pre-
cipitation and return flows from agriculture irrigation (irrigation
return flows). Because the western extent of the UBSDGB
begins at the headwaters of the Big Sandy Creek at a topo-
graphic divide, there is no groundwater inflow from upgradient
areas external to the UBSDGB, and this groundwater inflow
component from upgradient areas is zero for water-budget
calculations of the modeled area. The outflow components con-
sidered were evapotranspiration, pumping wells, groundwater
outflow to streams, groundwater outflow to adjacent alluvial
aquifers, groundwater outflow to underlying bedrock aquifers,
and downgradient groundwater flow out of the UBSDGB. The
water-budget components for the unmodeled area were esti-
mated based on area- or length-weighted flow rates from the
modeled-area results and other published resources.

Because the modeled area includes the bedrock
aquifers that underlie the UBSDGB alluvial aquifer, the
calculated water budget includes recharge from or discharge
to (interaction between) the alluvial and bedrock aquifers.
This water-budget component was not included in previous
water-budget estimates for the UBSDGB alluvial aquifer
(Martin and Wood Water Consultants, Inc., 2009). The
interaction between the UBSDGB alluvial aquifer and the
underlying bedrock units could potentially be an important
component of the water budget. This water-budget compo-
nent for predevelopment conditions of the entire Denver
Basin model represented a net outflow from the bedrock
units to the alluvial aquifers (Paschke, 2011). Net inflow or
outflow is the difference between the inflow and outflow of a
budget component. Paschke (2011) indicates that over time
(1880 through 2003) the entire Denver Basin had a decrease
in simulated outflow from the bedrock units to the alluvial
aquifers and, inversely, an increase in simulated inflow to
the bedrock units from the alluvial aquifers.

The Denver Basin model was calibrated for 1880 to 2003
on the basis of hydraulic heads and streamflows by adjusting
primarily aquifer hydraulic conductivity and recharge, along
with many other model parameters (Paschke, 2011). For this
study, the Denver Basin model was updated with additional
information from 2004 through 2016 for the study area to
generate 2016 estimates of the water budget in the UBSDGB
alluvial aquifer. The Denver Basin model presented in Paschke
(2011) incorporated well pumpage data for municipal,
irrigation, commercial, industrial, domestic, livestock, and

household uses through 2003. For the current study, the well
data file was updated to include consumptive water use from
pumping wells in the UBSDGB from 2004 through 2016. The
temporal variability of land cover in the UBSDGB was veri-
fied by reviewing the 2003 through 2016 U. S. Department of
Agriculture CropScape land cover dataset (U.S. Department
of Agriculture, 2017). There was no evidence of large-scale
land-use change (rangeland to cropland or urban) from 2003
through 2016 in the UBSDGB, so recharge from precipitation
and irrigation return flows, and corresponding evapotranspira-
tion estimates, were simulated from 2003 through 2016 using
2003 values.

Alluvial Aquifer Inflows

The water budget calculated with ZONEBUDGET
utilizes output files from the Denver Basin model, so the
UBSDGB alluvial aquifer water-budget components are
the same as those identified by Paschke (2011). The inflow
components of the modeled area of UBSDGB alluvial aquifer
tabulated by ZONEBUDGET were (1) recharge from precipi-
tation and irrigation return flows, (2) inflow from streams,

(3) groundwater inflow from adjacent alluvial aquifers,
(4) groundwater inflow from underlying bedrock aquifers,
and (5) inflow from storage.

Recharge for the period 2000 through 2003 was used for
Denver Basin model runs from 2004 through 2016 because
2000 to 2003 were identified by Paschke (2011) as drought
years. To set up the ZONEBUDGET extraction of water-
budget information from the Denver Basin model, a zone
representing the geographic footprint of the UBSDGB alluvial
aquifer was designated in each of the 12 model layers follow-
ing the alluvial aquifer designation in Paschke (2011). This
new zone (Zone 13 in ZONEBUDGET) consists of 104 grid
cells in layer 1 of the Denver Basin model (Paschke, 2011) or
an area of 104 mi? (fig. 2). The calibrated recharge values from
the Denver Basin model were used by ZONEBUDGET to esti-
mate the recharge in the Zone 13 grid cells for the uppermost
layer. A large alluvial aquifer (Nussbaum Alluvium, Zone 1 in
ZONEBUDGET,; fig. 3) is south and adjacent to the UBSDGB
along the headwaters of Middle Rush Creek, Mustang Creek,
Adobe Creek, Horse Creek, and Steels Fork (fig. 3). The flow
between the Nussbaum Alluvium and the UBSDGB alluvial
aquifer was estimated by ZONEBUDGET by calculating the
flow between Zone 1 (adjacent alluvial aquifers) and Zone 13
(UBSDGB alluvial aquifer). Additionally, groundwater
inflows from underlying bedrock aquifers into the UBSDGB
alluvial aquifer were estimated by ZONEBUDGET by calcu-
lating the flow from Zones 2 through 12 (all confined aquifers
or confining layers in the Denver Basin model) to Zone 13
(UBSDGB alluvial aquifer). Flows into and out of stream cells
as defined in the Denver Basin model also were estimated
by ZONEBUDGET. Based on the other inflow and outflow
component calculations for the UBSDGB alluvial aquifer,
ZONEBUDGET calculated an estimate of the inflow and
outflow components from storage.



Alluvial Aquifer Qutflows

The outflow components of the modeled part of the
UBSDGB alluvial aquifer calculated by ZONEBUDGET were
(1) evapotranspiration, (2) pumping wells, (3) groundwater
outflow to streams, (4) groundwater outflow to adjacent allu-
vial aquifers, (5) groundwater outflow to underlying bedrock
aquifers, (6) groundwater outflow leaving the modeled area and
entering the unmodeled area, and (7) outflow to storage. The
calibrated evapotranspiration values from the Denver Basin
model in Paschke (2011) were not changed for the 2004 through
2016 model simulations. Paschke (2011) estimated pumping
from 1880 through 2003 using a geographical information
system and database analysis from the 2004 version of the
Colorado Division of Water Resources well-permit database.
Pumpage from each of the aquifers was estimated as the product
of the number of wells multiplied by the appropriate pumping
rate for the well type. Pumping rates were assigned based on
water use, dates of use, and aquifer designation. The water-use
categories were limited to municipal, irrigation, commercial or
industrial, domestic and livestock, and household only.

To compute the 2016 water budget, the well data file
for the Denver Basin model (Paschke, 2011), which included
1,257 pumping wells screened in the alluvial and bedrock
aquifers in the modeled area, was updated with well pumpage
data from 2004 through 2016. In this report, pumping rates
were estimated from 2004 through 2016 using the rates estab-
lished in Paschke (2011) and are shown in table 1.

The Colorado Division of Water Resources well-permit
database (Colorado Division of Water Resources, 2017¢) was
queried for newly constructed wells and abandoned wells
from 2004 through 2016 for the three counties which overlie
the UBSDGB. Well locations and aquifer designations were
checked, and only wells located within the UBSDGB that
were permitted and completed prior to December 31, 2016,
were included in the analysis. Wells that were planned or pro-
visional, monitoring wells, wells used for geothermal heating,
remediation wells, and wells with insufficient location or com-
pletion data were excluded. The well data file for the Denver
Basin model was updated with 124 pumping wells screened
in the alluvial and bedrock aquifers in the modeled area after
the addition of newly constructed wells and removal of wells

Table 1.

[Modified from table B1 in Paschke, 2011]

Methods 9

identified as abandoned from 2004 through 2016, resulting in
a total of 1,381 pumping wells in the modeled area.
Groundwater flows from the UBSDGB alluvial aquifer to
streams, flow to adjacent alluvial aquifers, flow to underlying
bedrock aquifers, and flow out of the modeled area were then
calculated by ZONEBUDGET from the updated Denver Basin
model. The groundwater outflow leaving the upgradient mod-
eled area and entering the unmodeled area was also calculated
by ZONEBUDGET as a head-dependent boundary. Based
on the other inflow and outflow component calculations for
the UBSDGB alluvial aquifer, ZONEBUDGET calculated an
estimate of the inflow and outflow components to storage.

Water-Budget Components within Unmodeled
Area

The water-budget components for the unmodeled area
were estimated using a combination of available resources.
The components of the water budget for the unmodeled
area were based on results from the updated Denver Basin
model and ZONEBUDGET estimations extrapolated to the
unmodeled area.

Alluvial Aquifer Inflows

The inflow components of the UBSDGB alluvial aquifer
estimated for the unmodeled area were (1) recharge from pre-
cipitation and irrigation return flows, (2) inflow from streams,
(3) groundwater inflow from adjacent alluvial aquifers,

(4) groundwater inflow from the upgradient modeled area, and
(5) inflow from storage. There was no groundwater flow to the
UBSDGB alluvial aquifer from underlying bedrock aquifers
for the unmodeled area because the UBSDGB alluvial aquifer
in the unmodeled area is underlain by the Cretaceous Pierre
Shale, which is generally considered the basal confining unit
of the Denver Basin aquifer system.

To estimate recharge for the unmodeled area, an area-
weighted average recharge was computed from the simulated
2003 recharge (Paschke, 2011, fig. B30). This area-weighted
average (38.9 ac-ft/year [yr] per mi?) for the modeled area
was multiplied by the area of the unmodeled area (111 mi?),

Assigned pumpage rates for wells in the Upper Big Sandy Designated Groundwater Basin, Colorado.

Assigned pumping rate (acre-feet per year)

Aquifer in which well is completed - N Commercial Domestic and Household
Municipal Irrigation . - -

or industrial livestock only
Alluvial aquifer 45.0 41.0 9.0 0.6 0.3
Upper and lower Dawson aquifer 27.0 24.6 9.0 0.6 0.3
Denver aquifer 39.1 35.7 9.0 0.6 0.3
Upper and lower Arapahoe aquifer 59.4 54.1 9.0 0.6 0.3
Laramie-Fox Hills 23.8 21.7 9.0 0.6 0.3
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resulting in an estimate of the 2016 recharge for the unmod-
eled area in acre-feet.

Groundwater inflow to the UBSDGB alluvial aquifer from
streams was estimated for the unmodeled area on the basis of
groundwater inflow from streams computed by the Denver
Basin model (Paschke, 2011, fig. B39). Positive groundwater
flow represents recharge (inflow) from streams, and negative
groundwater flow represents discharge (outflow) to streams.
The area-weighted average of groundwater inflow from
streams was computed for the alluvial streambed of Big Sandy
Creek for the modeled area. Then, this area-weighted average
of groundwater flow (0.55 ac-ft per mi?) from streams was mul-
tiplied by the area (21.1 mi?) of the alluvial streambed of Big
Sandy Creek in the unmodeled area, resulting in an estimate of
the 2016 groundwater inflow from streams, in acre-feet. These
calculations assume that groundwater—surface-water interac-
tions are uniform along Big Sandy Creek in the study area.

Groundwater flow into the unmodeled area from adjacent
alluvial aquifers and from the upgradient modeled area was
estimated in two parts. First, the inflow from adjacent alluvial
aquifers was calculated for the modeled area as the flow from
Zone 1 (Nussbaum Alluvium) to Zone 13 along the southern
aquifer border as previously described in the “Water-Budget
Components within Denver Basin Modeled Area” section. The
calculated flow into the UBSDGB from the adjacent alluvial
aquifer in the modeled area was then multiplied by the ratio
of the lengths of the adjacent alluvial aquifer borders in the
unmodeled and modeled areas to estimate the groundwater
inflow from adjacent alluvial aquifers to the unmodeled area.
Second, the groundwater flow out of the modeled area and into
the unmodeled area was equal to the groundwater flow leaving
the UBSDGB along the boundary between the areas (fig. 2).
This groundwater flow was computed by MODFLOW head-
dependent boundaries and tabulated by ZONEBUDGET.

Alluvial Aquifer Qutflows

The outflow components of the UBSDGB alluvial aquifer
for the unmodeled area were (1) evapotranspiration, (2) pumping
wells, (3) groundwater outflow to streams, (4) groundwater out-
flow to adjacent alluvial aquifers, and (5) groundwater outflow to
downgradient areas from the UBSDGB. To compute the evapo-
transpiration for the unmodeled area, area-weighted averages
of the simulated 2003 recharge minus evapotranspiration (net
recharge) (Paschke, 2011, fig. B34) were computed separately
for the area encompassing the Big Sandy Creek alluvial stream-
bed and adjacent flood plain, the area within the UBSDGB to
the north of Big Sandy Creek, and the area within the UBSDGB
south of Big Sandy Creek (fig. 2). The area-weighted averages
for these three regions of the modeled area were multiplied by
their respective areas in the unmodeled area, which resulted in
an estimate of the 2016 net recharge for unmodeled area. For the
unmodeled area, 2016 net recharge was subtracted from 2016
recharge, which resulted in 2016 evapotranspiration.

Paschke (2011) estimated groundwater withdrawals
from pumping wells for 1880 through 2003 using the 2004

version of the Colorado Division of Water Resources well-
permit database. Pumpage estimates were updated using the
2017 version of the Colorado Division of Water Resources
well-permit database (Colorado Division of Water Resources,
2017¢) following methods used by Paschke (2011). Wells
that were planned or provisional, monitoring wells, wells
used for geothermal heating, remediation wells, and wells
with insufficient location or completion data were excluded.
A total of 137 pumping wells all screened in the UBSDGB
alluvial aquifer in the unmodeled area were compiled for
2016 only. Total pumpage volume from wells screened in the
UBSDGRB alluvial aquifer in the unmodeled area was esti-
mated for 2016 using the rates established in Paschke (2011;
table 1). In addition, data on the measured 2016 total pump-
age volume from 11 municipal wells were received from the
Town of Limon (Dave Stone, Town of Limon Town Man-
ager, written commun., July, 12, 2017) and were included
in the analysis. Table 2 displays the net increase in pumping
wells, by use and aquifer, which were added in the UBSDGB
alluvial aquifer (for modeled and unmodeled areas) from
2004 through 2016. During this time, there was an increase
of 154 pumping wells in the UBSDGB—124 pumping wells
in the modeled area and 30 in the unmodeled area. The
increase in pumping wells constructed in the UBSDGB (for
both modeled and unmodeled areas) from 2004 through 2016
(using 2003 as a baseline) is shown in figure 5. Figure 5 also
displays the total number of pumping wells in the UBSDGB
(for modeled and unmodeled areas) from 2004 through 2016.
In 2016, there were 1,518 pumping wells in the UBSDGB
(1,381 pumping wells in the modeled area and 137 in the
unmodeled area; fig. 6), which is an increase from 2003
when 1,364 pumping wells (1,257 pumping wells in the
modeled area and 107 in the unmodeled area ) existed.
Groundwater outflow to streams was estimated for the
unmodeled area in the same manner as was the groundwater
inflow from streams for the unmodeled area. The area-
weighted average of groundwater outflow to streams was com-
puted for the alluvial streambed of Big Sandy Creek for the
modeled area. Then, this area-weighted average of groundwa-
ter flow to streams (-15.6 ac-ft per mi®) was multiplied by the
area (21.1 mi?) of the alluvial streambed of Big Sandy Creek
in the unmodeled area, resulting in an estimate of groundwater
outflow to streams in 2016 for the unmodeled area.
Groundwater flow out of the unmodeled area to adja-
cent alluvial aquifers was estimated in the same manner as
the groundwater flow into the unmodeled area from adja-
cent alluvial aquifers. Outflow to adjacent alluvial aquifers
was calculated for the modeled area as the flow to Zone 1
(Nussbaum Alluvium) from Zone 13 along the southern
aquifer border as previously described in the section “Water-
Budget Components within Denver Basin Modeled Area.”
The calculated flow from the UBSDGB to the adjacent
alluvial aquifer in the modeled area was then multiplied
by the ratio of the lengths of the adjacent alluvial aquifer
borders in the unmodeled and modeled areas to estimate the
alluvial groundwater inflow to the adjacent alluvial aquifers.
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Table 2. Net Increase in pumping wells from 2004 through 2016 in the Upper Big Sandy Designated Groundwater Basin in modeled

and unmodeled areas in Colorado.

[Positive values equate to a net increase in wells and negative values equate to a net decrease in wells]

Well Alluvial Lower Dawson Denver Upper Lower Laramie-Fox Hills
. . . Arapahoe Arapahoe .
use aquifer aquifer aquifer . . aquifer
aquifer aquifer
Municipal 1 0 0 0 0
Irrigation 0 0 0
Commercial or industrial 0 3 0
Domestic and livestock 34 1 31 49 -5 28
Household only 0 0 1 0 0 0
Total (154) 46 1 32 52 -5 28

Pumping wells through time in the Upper Big Sandy Designated Groundwater Basin
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from 2004 through 2016 in the Upper Big Sandy Designated Groundwater Basin in

modeled and unmodeled areas in Colorado.

Groundwater outflow leaving the downgradient end of the
UBSDGB unmodeled area was estimated to be 2,300 ac-ft
per year (Martin and Wood Water Consultants, Inc., 2009).
Martin and Wood Water Consultants, Inc. (2009) com-
puted this value using average hydraulic conductivity,
average hydraulic gradient, and estimated cross-sectional
area of saturated material for the eastern edge of the basin
boundary, and this value was used for the 2016 estimate
of groundwater outflow leaving the UBSDGB at the
downgradient end of the basin.

Water-Budget Analysis

The groundwater budgets presented here use the
MODFLOW convention that positive values are inflows
to, and negative values are outflows from, the groundwater
system (Harbaugh and others, 2000). The inflows and outflows
presented below are for the 2016 calendar year. Changes over
time in the water budget of the UBSDGB alluvial aquifer
are discussed in more detail in the “Change in Water-Budget
Components Over Time” section. Results for both the modeled
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Figure 6. Location of the 1,512 pumping wells operating in the Upper Big Sandy Designated Groundwater Basin in modeled and

unmodeled areas in Colorado, 2016.

and unmodeled areas are presented below for each component
of the water budget, and for water-budget components with
both inflows and outflows, the difference between inflow and
outflow, or net flow, is discussed.

Alluvial Aquifer Inflows

Inflows to the UBSDGB alluvial aquifer in the modeled
and unmodeled areas were (1) recharge from precipitation and
irrigation return flows, (2) inflow from streams, (3) groundwa-
ter inflow from adjacent alluvial aquifers, and (4) inflow from
storage. Groundwater inflow from underlying bedrock aquifers
to the UBSDGB alluvial aquifer is included only for the mod-
eled area because this area is underlain by the Denver Basin
aquifer system. The UBSDGB in the unmodeled area directly

overlies the Pierre Shale confining unit. Groundwater inflow
from upgradient areas along the western border of each area is
not included for the modeled area because the western extent
of the UBSDGB modeled area begins at the headwaters of

the Big Sandy Creek and there is no groundwater inflow from
upgradient areas external to the UBSDGB. The 2016 UBSDGB
alluvial aquifer inflows and outflows for the modeled area,
inflows and outflows for the unmodeled area, and the net flows
for the modeled and unmodeled areas combined are displayed
in figures 7, 8, and 9, respectively.

Recharge

Recharge from precipitation and irrigation return
flows to the UBSDGB alluvial aquifer in the modeled area
as computed by ZONEBUDGET for 2016 was 6,822 ac-ft
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Figure 7. The 2016 Upper Big Sandy Designated Groundwater Basin alluvial aquifer A, inflows and B, outflows
for the modeled area, Colorado. [Percentages were rounded to the nearest percent which is why the sum is not
100 percent]
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Figure 8. The 2016 Upper Big Sandy Designated Groundwater Basin alluvial aquifer A4, inflows and B, outflows
for the unmodeled area, Colorado.
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Figure 9. The 2016 Upper Big Sandy Designated Groundwater Basin alluvial aquifer net inflows and
outflows for the modeled and unmodeled areas combined, Colorado.

Table 3. Water budget for the Upper Big Sandy Designated Groundwater Basin, modeled and unmodeled areas,

in Colorado, 2016.

[Positive values are inflows to, and negative values are outflows from, the groundwater system]

Inflows (acre-feet)

Water-budget component Modeled area Unmodeled area Total area
Recharge from precipitation and irrigation return flows 6,822 4,331 11,153
Inflow from adjacent alluvial aquifers 4,483 834 5,317
Inflow from underlying bedrock aquifers 695 0 695
Inflow from streams 26 12 38
Inflow from upgradient modeled area 0 303 303
Inflow from storage 163 2,025 2,188

Total 12,189 7,505 19,694
Outflows (acre-feet)

Water-budget component Modeled area Unmodeled area Total area
Evapotranspiration —8,450 -3,206 —11,656
Pumping wells —2,096 -1,639 —3,735
Outflow to streams —740 -330 —-1,070
Outflow to underlying bedrock aquifers —348 0 —348
Outflow to downgradient areas =303 -2,300 -2,603
Outflow to adjacent alluvial aquifers -162 =30 -192
Outflow to storage =90 0 -90

Total  —12,189 -7,505 -19,694

15
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(0.39 in/yr over the 211,560 acres of modeled area) (table 3).
Recharge from precipitation and irrigation return flows to the
UBSDGB alluvial aquifer in the unmodeled area, which was
calculated from the results in the modeled area for 2016, was
4,331 ac-ft (0.73 in/yr) (table 3). Combining the modeled and
unmodeled recharge gives a total recharge of 11,153 ac-ft
(0.48 in/yr) for the UBSDGB alluvial aquifer (table 3). Net
recharge (precipitation and irrigation return flows minus
evaporation) into the UBSDGB alluvial aquifer was negative
with evaporation exceeding recharge such that groundwater is
being removed from the UBSDGB alluvial aquifer. This com-
ponent of the water budget is therefore discussed further in the
“Evapotranspiration” section.

Inflow from Streams

Inflow from streams to the UBSDGB alluvial aquifer in
the modeled area as computed by ZONEBUDGET for 2016
was 26 ac-ft (0.001 in/yr) (table 3). Inflow from streams
in the unmodeled area was 12 ac-ft (0.002 in/yr) (table 3),
which was computed from the results for the modeled area
for 2016. Combining the modeled and unmodeled inflow
from streams results in a total inflow from streams of 38
ac-ft (0.002 in/yr) for the UBSDGB alluvial aquifer (table 3).
The net flow between the UBSDGB alluvial aquifer and the
stream network was negative (groundwater is discharging
from the UBSDGB alluvial aquifer to the stream network);
therefore, this component of the water budget is discussed
further in the “Outflow to Streams” section.

Inflow from Adjacent Alluvial Aquifers

Inflow from adjacent alluvial aquifers in the modeled
area was computed by ZONEBUDGET for 2016, resulting
in a volume of 4,483 ac-ft (0.26 in/yr) (table 3). Inflow from
adjacent alluvial aquifers in the unmodeled area was 834 ac-ft
(0.14 in/yr) (table 3), which was computed from the results
for the modeled area for 2016. Combining the modeled and
unmodeled inflows from adjacent aquifers results in a total
inflow from adjacent alluvial aquifers of 5,317 ac-ft (0.23 in/yr)
for the UBSDGB alluvial aquifer (table 3).

The net groundwater flow into the basin from adjacent
alluvial aquifers was positive with flow entering the UBSDGB
alluvial aquifer. Combining the total inflow from adjacent
alluvial aquifers of 5,317 ac-ft and the total outflow to adjacent
alluvial aquifers of —192 ac-ft for the UBSDGB alluvial aquifer
(table 3) results in a net flow from adjacent alluvial aquifers to
UBSDGB alluvial aquifer of 5,125 ac-ft (0.22 in/yr) (fig. 9).

Inflow from Underlying Bedrock Aquifers

Inflow from the bedrock aquifers to the UBSDGB
alluvial aquifer in the modeled area as computed by
ZONEBUDGET for 2016 was 695 ac-ft (0.04 in/yr) (table 3).
The Laramie-Fox Hills aquifer provided the primary bedrock
inflow to the UBSDGB alluvial aquifer (table 4). Although

Table 4. Net flow between the Upper Big Sandy Designated
Groundwater Basin alluvial aquifer and adjacent bedrock aquifer
units in Colorado.

[When net flow is positive, flow is entering the Upper Big Sandy Designated
Groundwater Basin alluvial aquifer, and when net flow is negative, flow is
leaving the Upper Big Sandy Designated Groundwater Basin alluvial aquifer]

2016 net flow between aquifer
unit and the Upper Big Sandy
Designated Groundwater Basin
alluvial aquifer (acre-feet)

Aquifer unit

Upper Dawson aquifer 0.00*
Dawson confining unit 0.00!
Lower Dawson aquifer 16.5
Denver upper confining unit 0.00
Denver aquifer -56.0
Denver lower confining unit —142
Upper Arapahoe aquifer —80.4
Arapahoe confining unit 0.02
Lower Arapahoe aquifer —42.6
Laramie confining unit —26.6
Laramie-Fox Hills aquifer 678
Total bedrock 347

'The upper Dawson aquifer and the Dawson confining unit are not immedi-
ately adjacent to the Upper Big Sandy Designated Groundwater Basin alluvial
aquifer, so direct interaction is not possible.

the net flow from the bedrock aquifers was positive (into the
UBSDGB alluvial aquifer), there was substantial outflow
computed from the UBSDGB alluvial aquifer to the Denver
lower confining unit, the upper Arapahoe aquifer, and Denver
aquifer (table 4).

The net flow between the bedrock aquifers and the
UBSDGB alluvial aquifer was positive with flow entering the
UBSDGSB alluvial aquifer from the bedrock aquifers. The net
flow (inflow minus outflow) from the bedrock aquifers to the
UBSDGB alluvial aquifer in the modeled area as computed by
ZONEBUDGET for 2016 was 347 ac-ft (0.01 in/yr) (table 4,
fig. 9). See the “Change in Water-Budget Components Over
Time” section for a discussion of how the net flow from the bed-
rock units has changed over time. A map of the spatial distribu-
tion of the flow between the bedrock aquifers and the UBSDGB
alluvial aquifer is displayed in figure 10. In the UBSDGB
alluvial aquifer, the largest inflows from the bedrock aquifers
occurred near the eastern and western ends of the modeled area,
from the lower Dawson and Laramie-Fox Hills aquifers, respec-
tively, whereas the central part of the UBSDGB alluvial aquifer
modeled area experienced outflow to the bedrock aquifers and
confining units (fig. 10).

Inflow from Upgradient Modeled Area

The flow between the UBSDGB alluvial aquifer
in the modeled and unmodeled areas was positive with
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flow entering the downgradient unmodeled area from the
upgradient modeled area. The groundwater inflow enter-

ing the unmodeled area from the modeled area as calcu-
lated by ZONEBUDGET for 2016 was 303 ac-ft (table 3).
The net flow out of the UBSDGB alluvial aquifer for the
basin was negative (groundwater is leaving the basin at the
downgradient end of the UBSDGB alluvial aquifer); there-
fore, this component of the water budget is discussed further
in the section “Outflow to Downgradient Areas from the
Upper Big Sandy Designated Groundwater Basin.”

Inflow from Storage

The net flow from groundwater storage in the UBSDGB
alluvial aquifer was positive with flow entering the UBSDGB
alluvial aquifer from storage. The inflow from groundwater
storage in the UBSDGB alluvial aquifer as computed from
ZONEBUDGET for 2016 was 163 ac-ft (0.01 in/yr) with an
outflow to storage of —90 ac-ft (—0.01 in/yr) for the modeled
area (table 3), resulting in a net flow from storage for the mod-
eled area of 73 ac-ft (0.004 in/yr).
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Combining the inflow water-budget components for the
unmodeled area excluding storage for 2016 results in a total
inflow volume of 5,480 ac-ft, which is 2,025 ac-ft less than the
total volume of outflows leaving the USDGB alluvial aqui-
fer for the unmodeled area for 2016 of 7,505 ac-ft (table 3).
Because of the deficit, 2,025 ac-ft (0.34 in/yr) was removed
from aquifer storage as an inflow to the UBSDGB alluvial
aquifer to balance the UBSDGB alluvial aquifer water budget in
the unmodeled area (table 3). Combining the net flow from stor-
age for the modeled area of 73 ac-ft and the inflow from storage
for the unmodeled area of 2,025 ac-ft results in a net positive
flow from storage entering the UBSDGB alluvial aquifer for
the basin of 2,098 ac-ft (0.09 in/yr) (fig. 9). This component is
discussed further in the “Groundwater Storage” section.

Alluvial Aquifer Outflows

Outflows from the modeled and unmodeled areas of
the UBSDGB alluvial aquifer were (1) evapotranspiration,
(2) pumping wells, (3) groundwater outflow to streams,
(4) groundwater outflow to adjacent alluvial aquifers, and
(5) groundwater outflow leaving the UBSDGB. Groundwater
outflow to underlying bedrock aquifers from the UBSDGB
alluvial aquifer is included only for the modeled area because
this area is underlain by the Denver Basin aquifer system. The
UBSDGB in the unmodeled area directly overlies the Pierre
Shale confining unit. The 2016 UBSDGB alluvial aquifer
inflows and outflows for the modeled area, unmodeled area,
and the net flows for modeled and unmodeled areas combined
are displayed in figures 7, 8, and 9, respectively.

Evapotranspiration

Evapotranspiration from the UBSDGB alluvial aquifer in
the modeled area as computed by ZONEBUDGET for 2016 was
—8,450 ac-ft (—0.48 in/yr) (table 3). Evapotranspiration from the
UBSDGB alluvial aquifer in the unmodeled area estimated from
the results of the modeled area for 2016 was —3,206 ac-ft (—0.54
in/yr) (table 3). Combining the modeled and unmodeled evapo-
transpiration leads to a total evapotranspiration of —11,656 ac-ft
(—0.50 in/yr) from the UBSDGB alluvial aquifer (table 3). Net
recharge (precipitation and irrigation return flows minus evapo-
ration) into the UBSDGB alluvial aquifer was negative with
groundwater being removed from the UBSDGB alluvial aquifer
over the total area of the basin. Combining the total inflow from
recharge to the UBSDGB alluvial aquifer of 11,153 ac-ft and
the total evapotranspiration of —11,656 ac-ft from the UBSDGB
alluvial aquifer (table 3) results in a net recharge from UBS-
DGB alluvial aquifer of =503 ac-ft (—0.02 in/yr) (fig.9).

Pumping Wells

Pumpage from the UBSDGB alluvial aquifer in the mod-
eled area as computed by ZONEBUDGET for 2016 was —2,096
ac-ft (—0.12 in/yr) (table 3). A total of 137 pumping wells were

Table 5. Pumpage volumes for the 11 Town of Limon, Colorado,
municipal pumping wells for 2016.

[Dave Stone, Town of Limon Town Manager, written commun., July 12, 2017]

Total pumping

Well Aquifer in which .
name well is completed volume in 2016
(acre-feet)
C2 Alluvial aquifer -30.6
C7 Alluvial aquifer -67.1
M1 Alluvial aquifer =773
M2 Alluvial aquifer 0.00
P1 Alluvial aquifer —420
P3 Alluvial aquifer -9.79
P4 Alluvial aquifer -125
S2 Alluvial aquifer 0
B1&2 Alluvial aquifer 0
GC2 Alluvial aquifer -59.1
GC3 Alluvial aquifer -20.2
Total —-809

screened in the alluvial aquifer in the unmodeled area of the
UBSDGB for 2016 of which 11 municipal wells had actual
reported pumpage volumes (table 5); the remaining well pump-
age volume (table 6) was estimated using the values in table 1.
Pumpage from the UBSDGB alluvial aquifer in the unmodeled
area estimated from available pumpage data from the Colorado
Division of Water Resources well-permit database (Colorado
Division of Water Resources, 2017¢) and Town of Limon (table
5) (Dave Stone, Town of Limon Town Manager, written com-
mun., July 12, 2017) for 2016 was —1,639 ac-ft (—0.28 in/yr)
(table 6). Combining the modeled and unmodeled well pump-
age leads to a total well pumpage volume of —3,735 ac-ft (—0.16
in/yr) from the UBSDGB alluvial aquifer (table 3).

Outflow to Streams

Outflow to streams from the UBSDGB alluvial aqui-
fer in the modeled area as computed by ZONEBUDGET
for 2016 was —740 ac-ft (—0.04 in/yr) (table 3). Outflow to
streams from the UBSDGB alluvial aquifer in the unmodeled
area estimated from results for the modeled area for 2016
was —330 ac-ft (—0.06 in/yr) (table 3). Combining the
modeled and unmodeled outflow to streams leads to a total
outflow to streams of —1,070 ac-ft (—0.05 in/yr) from the
UBSDGB alluvial aquifer (table 3). The net groundwater
flow to the stream network in the basin was negative with
flow discharging from the UBSDGB alluvial aquifer into
streams. Combining the total inflow from streams of 38 ac-ft
and the total outflow to streams of —1,070 ac-ft for the
UBSDGB alluvial aquifer (table 3) results in a net flow to
streams from UBSDGB alluvial aquifer of —1,032 ac-ft
(—0.04 in/yr) (fig.9).



Water-Budget Analysis 19

Table 6. Total pumpage volume estimates for pumping wells in the unmodeled area in the Upper Big Sandy Designated Groundwater

Basin, Colorado.

[Modified from table B1 in Paschke (2011)]

Pumping rate
(acre-feet per year)

Number of
pumping wells

Total pumping volume
(acre-feet)

Well Aquifer in which
use well is completed
Municipal Alluvial aquifer
Irrigation Alluvial aquifer

Commercial or industrial Alluvial aquifer

Domestic and livestock Alluvial aquifer

Household only Alluvial aquifer

—45.0 11 —809!
—41.0 17 —697
-9.0 8 =72
-0.6 101 —61
-0.3 0 0
Total 137 -1,639

"From table 5.

Outflow to Adjacent Alluvial Aquifers

Groundwater outflow from UBSDGB alluvial aqui-
fer to the adjacent alluvial aquifers in the modeled area
as computed by ZONEBUDGET for 2016 was —162 ac-ft
(—0.01 in/yr) (table 3). Outflow to adjacent alluvial aquifers
in the unmodeled area was —30 ac-ft (—0.01 in/yr) (table 3),
which was computed from the results for the modeled area
for 2016. Combining the modeled and unmodeled outflow to
adjacent aquifers results in a total outflow to adjacent alluvial
aquifers of —192 ac-ft (—0.01 in/yr) for the UBSDGB alluvial
aquifer (table 3). The net flow between the adjacent alluvial
aquifers and the UBSDGB alluvial aquifer was positive with
flow entering the UBSDGB alluvial aquifer from the adja-
cent alluvial aquifers; therefore, this component of the water
budget is discussed further in the “Inflow from Adjacent
Alluvial Aquifers” section.

Outflow to Underlying Bedrock Aquifers

Groundwater outflow to the bedrock aquifers from the
UBSDGB alluvial aquifer in the modeled area as computed
by ZONEBUDGET for 2016 was —348 ac-ft (—0.02 in/yr)
(table 3). The net flow between the bedrock aquifers and the
UBSDGB alluvial aquifer as computed by ZONEBUDGET
for 2016 was positive with flow entering the UBSDGB allu-
vial aquifer from the bedrock aquifers; therefore, this com-
ponent of the water budget is discussed further in the “Inflow
from Underlying Bedrock Aquifers” section.

Outflow to Downgradient Areas from the Upper
Big Sandy Designated Groundwater Basin

The net groundwater flow out of the UBSDGB was
negative with flow leaving the basin at the downgradi-
ent end of the UBSDGB alluvial aquifer. In 2016, the
groundwater outflow from the upgradient modeled area
to the downgradient unmodeled area as calculated by

ZONEBUDGET was —303 ac-ft (—0.02 in/yr) (table 3).

This modeled area outflow component was considered the
same as the unmodeled area inflow component from the
upgradient modeled area (table 3). Downgradient outflow
from the unmodeled area was estimated to be —2,300 ac-ft
(=0.39 in/yr) in 2016 (Martin and Wood Water Consultants,
Inc., 2009) (table 3). Combining the modeled and unmod-
eled outflow from the UBSDGB alluvial aquifer results in

a total outflow from the basin of —2,603 ac-ft (—0.11 in/yr)
(table 3).Combining the total area inflow to the basin from
upgradient areas of 303 ac-ft and the total area outflow from
the basin of —2,603 ac-ft for the UBSDGB alluvial aquifer
(table 3) results in a net groundwater flow out of the basin of
—2,300 ac-ft (—0.10 in/yr) (fig.9).

Groundwater Storage

The groundwater storage presented in this report is
considered an independent variable of the water budget.
This report therefore uses the convention that a posi-
tive storage value is an inflow to the annual groundwater
budget from storage (water is removed from storage), and
a negative storage value is an outflow from the annual
groundwater budget (water is added to storage). In the
annual groundwater budget for 2016 (table 3), groundwater
storage in the UBSDGB alluvial aquifer system is removed
because annual groundwater outflows from storage exceed
groundwater inflows to storage; in other words, water is
removed from storage to balance the annual water bud-
get. In contrast, if storage were an outflow (represented
by a negative number) in the annual groundwater budget,
groundwater storage in the aquifer would be added because
annual groundwater inflows would exceed groundwa-
ter outflows. The inflows and outflows presented below
are for the 2016 calendar year for the UBSDGB alluvial
aquifer and for 1880 through 2016 for the modeled area
only. In 2016, combining the net flow from storage for the
modeled area of 73 ac-ft and the inflow from storage for
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the unmodeled area of 2,025 ac-ft results in a net positive
flow from storage entering the UBSDGB alluvial aqui-
fer of 2,098 ac-ft. The net flow from storage can also be
calculated by adding the inflows for the total area exclud-
ing storage of 17,506 ac-ft and the outflows for the total
area of —19,694 ac-ft in 2016, which resulted in a deficit
of 2,188 ac-ft in the annual water budget. Combining the
deficit in the annual water budget of 2,188 ac-ft for the
total area with the outflow to storage in the UBSDGB
alluvial aquifer for the total area of —90 ac-ft (computed by
ZONEBUDGET for the modeled area) results in a defi-
cit of 2,098 ac-ft; because of the deficit, 2,098 ac-ft was
removed from aquifer storage to balance the UBSDGB
alluvial aquifer budget (fig.9).

Upper Big Sandy alluvial aquifer

Change in Water-Budget Components Over Time

The interaction between the bedrock aquifers and the
UBSDGB alluvial aquifer was of particular interest because it
has not been previously quantified. The interaction between the
bedrock aquifers and the UBSDGB alluvial aquifer in 2016 is
presented in table 4, and the way in which these interactions
have changed over time, from ZONEBUDGET model results
for the modeled area only, is displayed in figure 11. From 1880
to 1940, no change occurred in the flow rates between the
bedrock aquifers and the UBSDGB alluvial aquifer; therefore,
the values were not included in the figure. Previous pump-
age estimates made by Robson (1987) show a substantial well
pumpage increase between 1958 and 1962. This phenomenon
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seems to correspond with the point in time in figure 11 when
noticeable change begins to occur in the flow rates between the
bedrock aquifers and the UBSDGB alluvial aquifer. In figure
11 from 1958 through 2016, the most noticeable and on-going
change in flow from the bedrock units occurred in the Denver
lower confining unit, the upper Arapahoe aquifer, and the Den-
ver aquifer; all three aquifers show a steady decrease over time
in net flow to the UBSDGB alluvial aquifer. These results for
the UBSDGB alluvial aquifer are consistent with results for the
entire Denver Basin aquifer system (Paschke, 2011); increased
pumping that began in 1958 in the Denver and upper Arapahoe
aquifers has shifted the water budget such that these bedrock
units have transitioned from being minor or non-contributors
of inflow to the UBSDGB alluvial aquifer to being receivers of
outflow from the UBSDGB alluvial aquifer. Although there are
no pumping wells screened in the Denver lower confining unit,
water is moving through the confining unit from the UBSDGB
alluvial aquifer to the upper Arapahoe aquifer in response to
pumping that occurs in the upper Arapahoe aquifer (Paschke,
2011). As a result, the total flow contribution from bedrock
aquifers to the UBSDGB alluvial aquifer has declined steadily
since the 1950s. Although this value has remained positive (net
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flow from the bedrock units into the UBSDGB alluvial aquifer)
for 60 years, the flow has been reduced by more than 50 percent
(fig. 11). The reduction in flow indicates that if no changes are
made to the inflows to and (or) outflows from the UBSDGB
alluvial aquifer, in another 60 years (2016-75), the net flow
between the bedrock aquifers and the UBSDGB alluvial aquifer
will become negative (net flow into the bedrock units from the
UBSDGSB alluvial aquifer).

The major inflows to and outflows from the UBSDGB allu-
vial aquifer over time were examined for the modeled area only
(fig. 12). Groundwater flow into the UBSDGB alluvial aquifer
from adjacent alluvial aquifers, groundwater outflow leaving the
UBSDGB, and groundwater outflow to streams in the UBSDGB
were static over time in the modeled area (fig. 12). Evapotranspi-
ration and recharge from precipitation and irrigation return flows
are climate-based components of the water budget and fluctuate
on the basis of the climate from year to year. The last two com-
ponents of the water budget, pumping wells and groundwater
flow from underlying bedrock aquifers, are related. Finally, as
a result of all the components in the water budget, storage can
fluctuate between an inflow (water is removed from storage)
and an outflow (water is added to storage) from one year to the

Upper Big Sandy Designated Groundwater Basin alluvial aquifer annual water budget for the modeled area
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next. Since 2000, storage has been an inflow to the water budget
(fig. 12), which means that groundwater is being removed from
the UBSDGB alluvial aquifer at a rate greater than the rate of
recharge for the modeled area of the UBSDGB alluvial aquifer.
This means that outflow from the modeled area exceeded inflow
for the UBSDGB alluvial aquifer. Increased recharge from wet-
ter than average years could increase the recharge and replenish
the UBSDGB alluvial aquifer.

Change in Groundwater Levels

Groundwater levels over time provide useful data for
interpreting temporal changes to storage in an aquifer system

Water-Budget Analysis, Big Sandy Groundwater Basin Aquifer, Elbert, El Paso, Lincoln Counties, Colo., 2016

(Paschke, 2011). Because the Denver Basin model was
updated for the period 2004 through 2016, water levels from
2003 through 2016 are of particular interest to this study.

A query of the 2016 Colorado Division of Water
Resources Groundwater Levels Report for the UBSDGB
(Sares and Flor, 2016) identified 34 observation wells screened
in the UBSDGB alluvial aquifer. Of those 34 observation
wells, which are used solely for water-level observation, only
25 had data from 2003 through 2016. The groundwater-level
change in the UBSDGB alluvial aquifer from 2003 through
2016 for each measured well is displayed in figure 13. From
2003 through 2016, 13 of the 25 observation wells had a
decline in the groundwater-level elevation with an average
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Figure 13. The change in groundwater levels in observation wells in the Upper Big Sandy Designated Groundwater Basin
alluvial aquifer, Colorado, from 2003 through 2016.



decline of —2.21 feet, and 12 of the 25 observation wells had
an increase in the groundwater-level elevation with an average
increase of 1.54 feet. From 2003 through 2016, in general,
wells at the eastern and western edges of the UBSDGB had
an increase in groundwater-level elevation, and the remain-
ing wells had a decline. The areas with the least amount of
recharge appear to coincide with the wells with negative
groundwater-level change for the time period from 2003
through 2016 (fig. 10 and 13). The decline in groundwater
levels shown in figure 13 also could be attributed to the nega-
tive bedrock flow in the central part of the UBSDGB allu-
vial aquifer (fig. 10). The western edge of the modeled area
includes a number of wells that experienced a large increase
in water level from 2003 through 2016. These wells occur in
an area where the lower Dawson aquifer crops out beneath the
UBSDGB alluvial aquifer (fig. 10), where the lower Dawson
aquifer contributes inflow to the UBSDGB alluvial aquifer
(fig. 11). The eastern edge of the modeled area has the greatest
amount of flow from the bedrock aquifers to the UBSDGB
alluvial aquifer (fig. 10). The eastern edge of the modeled area
is underlain by the Laramie-Fox Hills aquifer (fig. 10) and is
considered an area of regional groundwater discharge from
the Laramie-Fox Hills aquifer (Paschke, 2011). The Laramie-
Fox Hills aquifer is the largest contributor of bedrock aquifer
inflow to the UBSDGB alluvial aquifer (fig. 11).

Possible Future Work

The results presented in this report are for currently
(2016) available data. To improve upon these results, several
pieces of additional data would be beneficial. First, a database
containing, at a minimum, quantitative pumpage data, by aqui-
fer, from high-capacity wells (municipal and irrigation wells)
in the Upper Big Sandy Groundwater Management District
could be developed. Currently (2016), no records are kept of
pumpage from high-capacity wells. Ultimately, low-capacity
wells (commercial or industrial, domestic, and household
wells) would be included in estimates of pumpage from the
UBSDGB. Second, observation wells spatially distributed
across the UBSDGB would provide a quantitative way to
monitor water-level changes. Third, the seasonal and temporal
changes in groundwater levels can be accurately quantified
only when observation wells are monitored several times
a year instead of annually, which is how data are currently
(2016) collected. Finally, a local, basin-specific model of the
UBSDGB alluvial aquifer would provide a more detailed
water budget for the UBSDGB than the current method of
using a regional model for part of the study area and extrapo-
lating those results to unmodeled parts of the UBSDGB. A
basin-specific model could serve as a basin management tool
for modeling changes in groundwater levels and storage under
various future groundwater recharge and withdrawal scenarios.
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Summary

The U.S. Geological Survey in cooperation with the
Colorado Water Conservation Board and the Upper Big Sandy
Groundwater Management District carried out a study in 2016
to evaluate potential groundwater storage changes within the
Upper Big Sandy Designated Groundwater Basin (UBSDGB)
alluvial aquifer, including groundwater flow between the
UBSDGB alluvial aquifer and the Denver Basin bedrock
aquifers. The UBSDGB alluvial aquifer is along the ephemeral
Big Sandy Creek on the east-central edge of the Denver Basin
aquifer system and covers an area of about 66,560 acres
within the UBSDGB. The UBSDGB alluvial aquifer consists
of unconsolidated Quaternary sand and gravel deposits that
contain an unconfined (water table) groundwater system. The
western three-fourths of the UBSDGB alluvial aquifer overlies
the Tertiary and Cretaceous bedrock formations that compose
the Denver Basin aquifer system. Because of its position
with respect to the Denver Basin aquifer system, the western
part (329 square miles) of the UBSDGB was included in the
Denver Basin model (modeled area), whereas the eastern part
(111 square miles) of the UBSDGB was not included in the
Denver Basin model (unmodeled area).

The updated water budget for the UBSDGB alluvial
aquifer, including annual change in groundwater storage in
2016, was determined by combining water-budget information
from an existing Denver Basin model for about three-fourths
of the study area with best estimates for the major water-
budget components for the area outside the Denver Basin
aquifer system. The budget components for both parts of the
UBSDGB, the modeled area and the unmodeled area, were
estimated separately then were combined for an overall water-
budget estimate. The water-budget components were first
estimated for the modeled area using outputs from the Denver
Basin model. A basin-specific water budget for the UBSDGB
alluvial aquifer from the Denver Basin model was computed
using a modeling tool called ZONEBUDGET. The inflow
components of the modeled area of the UBSDGB alluvial
aquifer estimated using ZONEBUDGET were (1) recharge
from precipitation and irrigation return flows, (2) inflow from
streams, (3) groundwater inflow from adjacent alluvial aqui-
fers, (4) groundwater inflow from underlying bedrock aqui-
fers, and (5) inflow from storage. Because the western extent
of the UBSDGB begins at the headwaters of the Big Sandy
Creek at a topographic divide, there is no groundwater inflow
from upgradient areas external to the UBSDGB. Because no
urban land-use areas are delineated in the modeled area of
the UBSDGB, the recharge inflow component includes only
precipitation and return flows from agriculture irrigation (irri-
gation return flows) for this study. The outflow components of
the modeled part of the UBSDGB alluvial aquifer estimated
using ZONEBUDGET were (1) evapotranspiration, (2) pump-
ing wells, (3) groundwater outflow to streams, (4) groundwater
outflow to adjacent alluvial aquifers, (5) groundwater outflow
to underlying bedrock aquifers, (6) groundwater outflow leav-
ing the upgradient modeled area and entering the unmodeled
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area, and (7) outflow to storage. Based on the other inflow
and outflow component calculations for the UBSDGB alluvial
aquifer, ZONEBUDGET calculated an estimate of the inflow
and outflow components to storage. The results from the
Denver Basin model and ZONEBUDGET estimates were then
extrapolated to the unmodeled area. The inflow components
of the UBSDGB alluvial aquifer estimated for the unmodeled
area were (1) recharge from precipitation and irrigation return
flows, (2) inflow from streams, (3) groundwater inflow from
adjacent alluvial aquifers, and (4) groundwater inflow from the
upgradient modeled area. There was no flow to the UBSDGB
alluvial aquifer from underlying bedrock aquifers for the
unmodeled area because the UBSDGB alluvial aquifer in the
unmodeled area is underlain by the Cretaceous Pierre Shale.
The outflow components of the UBSDGB alluvial aquifer for
the unmodeled area were (1) evapotranspiration, (2) pumping
wells, (3) groundwater outflow to streams, (4) groundwater
outflow to adjacent alluvial aquifers, and (5) groundwater
outflow to downgradient areas from the UBSDGB.

The net groundwater flow into the basin from adja-
cent alluvial aquifers was positive with flow entering the
UBSDGB alluvial aquifer. Combining the total inflow from
adjacent alluvial aquifers of 5,317 ac-ft and the total outflow
to adjacent alluvial aquifers of —192 ac-ft for the UBSDGB
alluvial aquifer results in a net flow from adjacent alluvial
aquifers to UBSDGB alluvial aquifer of 5,125 ac-ft. The
net flow between the underlying bedrock aquifers and the
UBSDGRB alluvial aquifer was positive with flow entering
the UBSDGB alluvial aquifer from the bedrock aquifers. The
net flow from the UBSDGB bedrock aquifers to UBSDGB
alluvial aquifer as computed by ZONEBUDGET for 2016
was 347 ac-ft. Combining the net flow from storage for the
modeled area of 73 ac-ft and the inflow from storage for the
unmodeled area of 2,025 ac-ft results in a net positive flow
from storage entering the UBSDGB alluvial aquifer for the
basin of 2,098 ac-ft.

Net recharge (precipitation and irrigation return flows
minus evaporation) into the UBSDGB alluvial aquifer was
negative with groundwater being removed from the UBSDGB
alluvial aquifer over the total area of the basin. Combining the
total inflow from recharge to the UBSDGB alluvial aquifer of
11,153 ac-ft and the total evapotranspiration of —11,656 ac-ft
from the UBSDGB alluvial aquifer results in a net recharge
from UBSDGB alluvial aquifer of =503 ac-ft. Combining
the modeled and unmodeled well pumpage led to a total well
pumpage volume of —3,735 ac-ft from the UBSDGB alluvial
aquifer. The net groundwater flow to the stream network in the
basin was negative with flow discharging from the UBSDGB
alluvial aquifer into streams. Combining the total inflow
from streams of 38 ac-ft and the total outflow to streams
of —1,070 ac-ft for the UBSDGB alluvial aquifer results
in a net flow to streams from UBSDGB alluvial aquifer of
—1,032 ac-ft. The net groundwater flow out of the UBSDGB
was negative with flow leaving the UBSDGB alluvial aquifer
out of the basin. Combining the total area inflow to the basin
from upgradient areas of 303 ac-ft and the total area outflow

from the basin of —2,603 ac-ft for the UBSDGB alluvial
aquifer results in a net flow out of the basin of —2,300 ac-ft. In
the annual groundwater budget for 2016, groundwater storage
in the UBSDGB alluvial aquifer system was removed because
annual groundwater outflows from storage exceeded ground-
water inflows to storage; in other words, water was removed
from storage to balance the annual water budget.

Increased pumping since 1958 in the Denver and upper
Arapahoe aquifers, not necessarily in just the UBSDGB, has
shifted the water budget such that these bedrock units have
transitioned from being minor or non-contributors of inflow
to the UBSDGB alluvial aquifer to being receivers of outflow
from the UBSDGB alluvial aquifer. Since 2000, storage has
been an inflow to the water budget, which means that outflow
from the modeled area exceeded inflow for the UBSDGB
alluvial aquifer. Increased recharge from wetter than average
years could replenish the UBSDGB alluvial aquifer. From 2003
through 2016, 13 of the 25 observation wells screened in the
UBSDGB alluvial aquifer had a decline in the groundwater-
level elevation with an average decline of —2.21 feet, and 12 of
the 25 observation wells had an increase in the groundwater-
level elevation with an average increase of 1.54 feet. In general,
wells at the eastern and western edges of the UBSDGB had an
increase in groundwater-level elevation that appears related to
areas of groundwater discharge from the lower Dawson and
Laramie-Fox Hills bedrock aquifers to the UBSDGB alluvial
aquifer. The remaining wells exhibited water-level declines.
Future work could include the development of a basin-specific
model to serve as a basin management tool for modeling
changes in groundwater levels and storage under various future
groundwater recharge and withdrawal scenarios.
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