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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

1.1 INTRODUCTION 

The Belvoir Ranch comprises an area of approximately 18,800 acres on the south side of 
Interstate 80 west of Cheyenne, Wyoming, and east of the Laramie Range (Figure 1-1).  This site 
is underlain by the High Plains Aquifer (also known as the Ogallala Aquifer), a large but shallow 
groundwater aquifer covering an area of 174,000 square miles in portions of eight states of the 
Great Plains.  In the Belvoir Ranch area, the aquifer occurs in the Tertiary Ogallala and White 
River formations.  Groundwater from both formations is currently being developed to 
supplement the municipal water supply for the city of Cheyenne.  Understanding the 
groundwater hydrology of this important resource is key to its proper management.  An essential 
component of that hydrology is the groundwater recharge, defined as water replenished to the 
saturated subsurface.  Groundwater recharge has not been addressed in this area since the 1940’s.  
The objective of this study is to initiate an updated estimate on groundwater recharge on the 
Belvoir Ranch. 

Groundwater quality, while not the primary focus of this study, is nevertheless an important issue 
which must be considered in any study of the groundwater in this area.  Much of the groundwater 
sampled from wells on the Belvoir Ranch exhibits high levels of the contaminant 
trichloroethylene (TCE).  The Wyoming Department of Environmental Quality (WDEQ) and 
several other stakeholders are involved with characterizing and developing mitigation strategies 
for the TCE contamination.  Appropriate remediation strategies and resource management should 
be based on sound knowledge of the groundwater hydrology, including recharge rates.   

 

1.2 BACKGROUND AND HISTORY 
 
In 1959 the United States Department of Defense (DOD) acquired land on the Belvoir Ranch and 
operated Atlas “D” Missile Site No. 4 from 1960 to 1964.  The missile site is located near the 
western margin of the ranch, approximately sixteen miles west of Cheyenne.  While the site was 
in operation, TCE was used as a solvent for cleaning engines and other equipment.  The TCE 
was disposed of by pouring it into unlined “flame pits”, from where it apparently entered the 
subsurface.  Since 1993 TCE has been detected in wells down-gradient (east and northeast) of 
the Atlas Missile Site.  Studies indicate that a TCE-contaminated groundwater plume extends 
twelve miles east of the missile site and 150 feet below the surface (Francis 2006). 

 
In 2003 the City of Cheyenne purchased the Belvoir Ranch to develop its groundwater resources 
for municipal water.  The ranch encompasses the former missile site (Figure 1-1).  Water 
removed from the ranch is treated by the Cheyenne Board of Public Utilities (BOPU) to achieve 
drinking quality standards.  The current maximum contaminant level (MCL) of TCE is 5μg/L.  
Wells that have been tested for TCE in the area have concentrations as high as 6,600 μg/L 
(USACE 2006).  Currently, excess TCE is being removed by an aeration basin at an additional 
cost of approximately $20,000 a year to the city (Dynes 2008). 
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Figure 1-1.  Location of the Belvoir Ranch 

 
Because the most likely source of TCE contamination was a Department of Defense facility, the 
U.S. Army Corps of Engineers (USACE) represents the federal government in all matters 
pertaining to remediation.  This includes treatment of the water used by the city as well as 
remediation of the groundwater contamination.  WDEQ is the primary agency representing the 
State of Wyoming, working in cooperation with the USACE to characterize and treat the TCE 
plume.  The USACE has been conducting a feasibility study to better understand the plume and 
to identify treatment options.  A Remedial Investigation Report was completed in 2006.  In the 
summer of 2007 investigative work was conducted that included drilling of additional 
monitoring wells, pump tests, geophysics, and rock core analysis.  The purpose of these studies 
is to better understand the aquifer and the transport mechanisms controlling the plume. 
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None of the investigative work conducted to date in conjunction with the plume study has 
addressed groundwater recharge.  Since recharge is one of the fundamental processes controlling 
the overall hydrology of an aquifer, it follows that reasonable estimates of recharge are needed 
for a variety of purposes, including: 
 

 Predictions of long-term aquifer response to groundwater development 
 Understanding transport of TCE and/or other groundwater contaminants 
 Predicting future expansion or shrinkage of the existing TCE plume 
 Modeling the effects of contaminant remediation strategies 

 
The most recent studies on groundwater recharge in the Cheyenne area were conducted in the 
1940’s by the United States Geological Survey (USGS) as reported by Foley (1942) and Morgan 
(1946).  The 1942 report estimated 0.93 inches per year and the 1946 report estimated 0.83 
inches per year of recharge.  These estimates are based on estimated discharge from the aquifer 
calculated from: 

1. Flow rates in gaining streams assumed to be discharged from the aquifer. 

2. Visually estimated discharge from an escarpment eroded into the Ogallala south of the 
Wyoming-Colorado border. 

3. Estimated transmissivity of the aquifer (capacity of the aquifer to discharge 
groundwater). 

4. Infiltration assumed to come from three streams (Lone Tree, Goose, and Duck Creeks) 
that flow across the mountain front where the Ogallala is in contact with older, 
underlying rock formations. 

Total recharge was calculated from the estimated discharge of the aquifer and estimated 
infiltration from the streams.  This is a starting point, but the assumptions of the study are highly 
simplistic and must be reconsidered.  As a minimum, relevant data collected since 1946 
combined with more advanced technologies and additional monitoring will allow for a more 
refined study and improved estimates of recharge. 
 

1.3 SITE GEOLOGY  
 
Regionally, the Belvoir Ranch is in the Great Plains Physiographic Province of the United States.   
Locally, the ranch is located in the northwest portion of the Denver-Julesburg Basin, which was 
formed during the Laramide Orogeny (Copland 1984).  The Laramide Orogeny occurred during 
the Late Cretaceous to Paleocene era or from about 80 to 55 million years ago (English 2004) 
and coincides with formation of the Rocky Mountains.  The Denver-Julesburg is a broad, 
asymmetrical synclinal basin.  The western edge of the basin is defined by the north-south 
oriented Laramie Range, about 18 miles west of Cheyenne.  The basin is a gently sloping plain 
underlain by Quaternary and Tertiary sediments.  The sediments dip gently east and northeast 
(RMC 2007).  The slope of the basin ranges from 35 to 79 feet/mile.  The steepest terrain is at 
the foot of the Laramie Mountains.  The elevation is about 7,300 feet on the west end of the 
ranch and 6,300 feet on the east end. 
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Figure 1-2 depicts the general geologic formations in the vicinity of Cheyenne.  The left side 
(west) depicts the foot of Laramie Range.  The Precambrian formation is butted on the east flank 
of the mountains where it dips steeply and does not outcrop east of the mountains.  Overlying the 
Precambrian rocks are the formations of the Paleozoic and Mesozoic eras.  The rocks outcrop on 
the west end of the ranch and then dip beneath the Tertiary and Quaternary deposits.  The 
Tertiary and Quaternary formations create the ground surface, which is a dipping plain.  The 
surface geology is shown in Figure 1-3.  The geologic formations in descending order are 
Quaternary deposits, the Tertiary Ogallala and White River Formations, Pre-Tertiary 
sedimentary rocks, and Precambrian age metamorphic rocks. 

1.3.1 Quaternary Deposits 
 
The Quaternary deposits form an alluvial fan that spreads east and northeast of the Rocky 
Mountains.  These are thin sediment sheets that overlie the Ogallala Formation (RMC 2007).  
Some of the Quaternary deposits are considered part of the High Plains Aquifer, while others are 
disconnected from it.  There are several different types of Quaternary deposits based on their 
geographic location and method of formation.  In this area they are separated into alluvial, 
terrace, and flood-plain deposits. 
 
Alluvial deposits are formed beneath terraces, flood plains, and drainage channels.  They are 
derived from erosion of older deposits.  Some of the alluvium are brown-gravelly deposits that 
cap the flat sections of the basin.  Most of the alluvium is a poorly sorted mixture of clay, silt, 
sand, gravel, and boulders.  The thicknesses range from 0 to 85 feet (Lowry 1967). 
 
Terrace deposits are found on hills.  These deposits were formed from igneous rocks transported 
from streams flowing east off of the Laramie Range.  The mineral composition of these rocks is 
primarily orthoclase and quartz.  Terrace deposits located on hillsides have slope and pediment 
deposits which consist of silty-sand mixtures or gravel eroded from the underlying Ogallala 
formation.  They range from zero to 25 feet thick (Cooley 1991). 
 
Flood-plain deposits underlie perennial and ephemeral streambeds and are usually less than 50 
feet thick.  The lenticular beds consist of clay, silt, very coarse sand, gravel, and a few cobbles 
and boulders (Lowry 1967). 
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 Figure 1-2.  General Geology, Western Edge of Denver-Julesburg Basin East of Cheyenne (Cooley 1991) 
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Figure 1-3  Surface Geology of Belvoir Ranch (Lowry and Crist 1967) 
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1.3.2 Tertiary Deposits 
 
The Tertiary deposits form the High Plains Aquifer on the Belvoir Ranch.  In Laramie County, 
the Tertiary deposits include the Ogallala, the Arikaree, and the White River Formations.  
However, the Arikaree is not present in the study area because it is largely eroded in the western 
part of the county (Lowry 1967). 
 
Ogallala 
 
The Ogallala Formation is believed to consist of alluvial fan deposits transported along the Lone 
Tree Creek drainage during the Miocene and Pliocene age (Morgan 1946).  The formation is 
unconformable, overlying formations from the Miocene to Precambrian age.  The Ogallala is 
thickest on the western edge of Laramie County and has been logged up to 330 feet.  Overall, the 
formation has a low average transmissibility of about 3,800 gallons per day per foot (Lowry 
1967).  However, there are high production zones that have up to 72,000 gallons per day per foot 
(JR 2007).  The Ogallala formation is the primary groundwater producer in the Cheyenne area. 
 
The Ogallala is a heterogeneous, unconsolidated formation.  This is due to its fluvial origin.  
Lens-shaped beds of sand and gravel were deposited by streams.  Around these beds are layers of 
silt, clay, limestone, and conglomerate, thought to be formed by temporary lakes and standing 
water (Lowry 1967).  The conglomerate contains rounded to sub-rounded particles the size of 
pebbles and cobbles, which have been transported by wind and water from the Laramie Range.  
The conglomerate is composed of quartz, feldspar, gneiss, schist, and light grey and pink granite 
and dense silicone-based materials.  Some of the beds are cemented by calcium carbonate (Crist 
1980).  The firmly cemented units are fine to very coarse sandstone with some gravel.  Typically, 
at depths greater than 50 feet the soil is weakly cemented and is easily drilled. 
 
Figures 1-4 through 1-7 illustrate the heterogeneity of the Ogallala Formation on the Belvoir 
Ranch.  Figure 1-4 shows an outcrop of the Ogallala near the west end of the ranch.  The soil is a 
mixture of fine sand, silt, and some clay with some cobbles and pebbles mixed in.  Figure 1-5 
shows another outcrop approximately four miles east and one mile south of the previous figure.  
The sedimentary processes that formed the Ogallala Formation in this area are apparent in the 
outcrop, as evidenced by distinct lenses and bedding planes.  The cemented nature of the soil is 
apparent from its ability to stand vertically.  Figure 1-6 is a close-up of a sample of conglomerate 
at the Cow Camp outcrop.  The sample is a matrix of small, cemented soil particles and cobbles.  
Just about one mile east of Cow Camp, there is a Union Pacific Railroad cut into the Ogallala as 
shown in Figure 1-7.  The formation’s characteristics have changed considerably in this distance.  
The cobbles and gravel are not present.  The outcrop consists of fine-grained particles mixed 
with sand with varying degrees of cementation.   



8 
 

 

Figure 1-4.  Ogallala Outcrop, West End of Belvoir Ranch on Section 16 of T 13 N and R 69 W 

 

 

 

 

Figure 1-5.  Ogallala Outcrop at Cow Camp, Section 19 of T13 N and R 68 W 
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Figure 1-6.  Conglomerate of Ogallala Formation at Cow Camp Outcrop 

 

 

Figure 1-7.  Ogallala Formation at UP Railroad Cut Section 20 of T 13 N and R 68 W 
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White River Formation 
 

This formation is up to 500 feet thick and was formed during the Oligocene era.  The White 
River overlies truncated edges of Pre-Tertiary to Precambrian formations (Lowry 1967).  Eolian 
processes created most of the White River, but there are some fluvial deposits especially near the 
base of the formation (RMC 2007).  The White River is subdivided into the Brule and the 
Chadron formations, but they are not distinctive units in the study area. 
 
The White River Formation is more homogeneous than the Ogallala, consisting predominately of 
pinkish-brown siltstone.  There are also beds of sandstone, conglomerate, volcanic ash, and some 
clay.  The White River is a mixture of approximately 65 to 85 percent silt with 5 to 25 percent 
fine sand in a mixture of clay particles.   
 
Figure 1-8 shows a sample of the White River Formation on the Belvoir Ranch.  The sample was 
collected by Boart Longyear Drilling Services using a combination sonic and rotary drill.  The 
sample is a soft mixture of grey silt and sand. 
 
1.3.3 Pre-Tertiary Formations 
 
The Cretaceous and older sedimentary rocks are upturned on the eastern flank of the Laramie 
Range (Cooley 1991).  These formations slope anywhere from 5 degrees to vertical and dip 
towards the east.  Some deposits are thought to be up to 12,000 feet thick.  The sedimentary 
rocks are exposed as a narrow strip along the eastern edge of the mountains.  These older 
formations do not appear at the surface on the Belvoir Ranch, but they underlie the White River 
Formation and deserve a short discussion. 
 
Cretaceous 
 
Formations of the Cretaceous System in the study area include the Lance Formation, Fox Hills 
Sandstone, Pierre Shale, Niobrara Formation, Frontier Formation, Mowry Shale, Newcastle 
Sandstone, Skull Creek Shale, and the Cloverly Formation.  These formations are listed in 
descending order. 
 
 

 

Figure 1-8.  Core Sample of the White River Formation 
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The Lance Formation is up to 1,500 feet thick in Laramie County.  The sediments are mostly 
yellow-brown sandstone with bluish-grey shale, clay, and coal.  The formation is cemented by 
calcium carbonate in some areas.  The Fox Hills Sandstone is yellow-brown to grey and is about 
250 feet thick, containing some beds of sandy shale.  The Pierre Shale is dark-grey shale with 
some sandy shale and lenses of sandstone and is about a mile thick.  The Niobrara Formation is a 
light-orange shale and limestone and averages about 360 feet thick.  The Frontier Formation is 
550 feet thick.  The Frontier contains shale that is typically black and grey with some sandstone 
beds mixed in.  These make up the formations from the Late Cretaceous Series. 
 
The next layers are the formations from the Early Cretaceous Series.  The youngest formation in 
this series is the Mowry Shale.  The formation is dark grey in color and siliceous and is about 80 
feet thick.  The Mowry is underlain by the coarse-grained Newcastle Sandstone, which is 
typically 1000 feet thick.  Beneath the Newcastle Sandstone is the Skull Creek Shale, which is 
150 feet thick.  The sandstone is dark, soft and fissile.  The oldest Cretaceous Series formation in 
the area is the Cloverly Formation, which consists of two tan-colored sandstone units that are 
separated by a soft layer of shale.  The Cloverly is about 150 feet thick. 

 
Jurassic through Pennsylvanian 
 
The formations of the Jurassic series include the Morrison and the Sundance.  Together they are 
about 300 feet thick and overlie the Triassic Chugwater Formation.  The formations are soft and 
consist of tan sandstone with green-blue shale and limestone beds. 
 
The Chugwater Formation is 450 feet thick and consists of fine-grained, red-orange sand and 
siltstone.  Underlying the Chugwater is the Goose Egg Formation, formed during the Triassic 
and late Permian Series and about 200 feet thick.  The Goose Egg has thick red-orange siltstone 
beds mixed with gypsum, dolomite, and limestone. 
 
The next formation (downward) is the Casper Formation.  The Casper was formed during the 
Pennsylvanian and early Permian Series and ranges from 800 to 900 feet thick.  There are two 
distinct units.  The upper, Permian Age unit is about 650 feet of limestone with some 
interstratified sandstone.  The lower unit is a reddish-yellow sandstone mixed with quartzite and 
arkose.  The Casper formation is also a groundwater source for the city of Cheyenne.  
Groundwater in the Casper is not considered to be a part of the High Plains Aquifer and its 
recharge is not directly addressed in this report.  However, there is some interaction between the 
two aquifers that is not completely understood. 

 
Precambrian 
 
The Precambrian Sherman batholith (also referred to as the Sherman granite) is the oldest 
formation in the project area and is exposed in the Laramie Range at the west end of the study 
area.  The dominant rock of the Sherman batholith is a pink biotite-hornblende granite.  The pink 
color is derived from large crystals of potassium feldspar.    In some areas these rocks are eroded 
up to a depth of 50 feet, forming rounded hills and stacks of boulders.  The boulders are eroding 
along fractures, giving them the rounded appearance.  The Sherman batholith was intruded 
approximately 1.43 billion years ago and is described in detail by Frost et al. (1993).  
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1.4  SITE HYDROLOGY 
 
The City of Cheyenne uses 69 percent surface water and 31 percent groundwater to meet its 
municipal needs (JR 2007).  A yield of 4,100 acre-feet/year is utilized from about 35 wells.  The 
High Plains Aquifer is the primary groundwater source for Cheyenne and the rest of Laramie 
County.  Development of the Belvoir Ranch is going to supplement that groundwater use.   The 
intended functions of the new wells are to help meet peak demands in the summer and to 
supplement the Cheyenne well fields in the winter.  The following is a summary of hydrologic 
investigations on the Belvoir Ranch.  

 
1.4.1 Surface Hydrology 
 
The Belvoir is located in the South Platte River basin, specifically the Lone Tree Creek drainage.  
Within this drainage area, there are five streams that cross the Belvoir Ranch.  These streams are 
Lone Tree, Willow, Goose, Duck, and Spottlewood Creeks.  All flow primarily from west to east 
and become ephemeral once they flow over the exposed Ogallala formation.  This is due to 
coarse sand and gravel alluvial deposits in the arroyos, causing rapid infiltration (Morgan 1946).  
The streams have their highest flows due to snowmelt and significant precipitation events.  Flow 
is intermittent, with water being lost to the ground in some sections and water gained in others.  
Surface streams on the Belvoir Ranch are shown in Figure 1-9. 
 
Other surface hydrologic features include two manmade ponds.  One is located in section 23 or 
T. 13 N. and R. 69 W and is referred to as Otto Pond.  It is fed by a shallow groundwater spring 
near the Lone Tree Creek bed as well as ephemeral flow from the stream.  The second pond is 
located in section 23 of T. 13 N. and R. 68 W.  It is fed by the artesian Enlarged Borie No. 1 
Well.  Both ponds are sources of water for livestock on the ranch. 

 
1.4.2 Groundwater Hydrology 
 
As noted in the Introduction, the High Plains Aquifer is a vast water table aquifer located 
beneath the Great Plains in the United States. One of the world's largest aquifers, it covers an 
area of approximately 174,000 square miles in portions of the eight states of South Dakota, 
Nebraska, Wyoming, Colorado, Kansas, Oklahoma, New Mexico, and Texas.  About 27 percent 
of the irrigated land in the United States overlies this aquifer system, which yields about 30 
percent of the nation's ground water used for irrigation.  In addition, the aquifer system provides 
drinking water to 82 percent of the people who live within the aquifer boundary. 
 

  

 



13 
 

 

Figure 1-9.  Streams on the Belvoir Ranch
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Deposition of the aquifer material dates back 2 to 6 million years to late Miocene to early 
Pliocene age when the southern Rocky Mountains were still tectonically active. From the 
uplands to the west, rivers and streams cut channels in a generally west to east or southeast 
direction. Erosion of the Rockies provided alluvial and aeolian sediment that filled the ancient 
channels and eventually covered the entire area of the present-day aquifer, forming the water-
bearing Ogallala Formation.   
 
In the Belvoir Ranch area, water entering the subsurface flows primarily east and northeast.  
Water contour maps and the TCE contaminant flow support this direction of groundwater flow 
(RMC 2007).  The gradient of the groundwater closely follows the slope of the ground surface 
on the Belvoir.  By taking the farthest west (MW18 in Section 20 of T. 13 N. and R. 69 W.) and 
farthest east (TH-9 in Section 25 of T. 13 N. and R. 68 W.) wells, the ground and water slopes 
can be compared.  MW18 has a surface elevation of 7,305 feet above sea level and TH-9 is at 
6,338 feet.  This is over a distance of 10.85 miles, yielding a slope of the ground surface of about 
89 feet per mile.  The same points have an average groundwater surface of 7,212 (MW18) and 
6,286 (TH-9) feet above sea level.  This results in a slope of 85 feet per mile.  This is different 
from the estimated hydraulic gradient reported by Morgan in 1946 of 60 feet per mile.  This may 
be indicative of a change in groundwater conditions since then or that the earlier estimation was 
taken from a different area.  However, what this shows is that the groundwater surface generally 
follows the terrain, but is becoming shallower as it travels east. 
 
The geology of the High Plains Aquifer in the study area is highly heterogeneous and this is 
reflected in the groundwater characteristics.  Productivity of wells is difficult to predict prior to 
drilling.  Productive wells are typically located in alluvial sand and gravel lenses formed by the 
Lone Tree Creek drainage (Morgan 1946).  These lenses are often surrounded by silts and clays 
that can be highly cemented (JR 2007).  This has produced mostly confined groundwater 
conditions.  The range of transmissibility of the aquifer has been reported from about 1,000 to 
over 70,000 gallons per day per foot (JR 2007).  On the Belvoir Ranch, productivity appears to 
depend on general location.  On its western edge only the bottom of the Ogallala is saturated 
(RMC 2006) and most of the water is found in the White River Formation.  However, the aquifer 
units that are found are not productive enough to pump significant amounts of water.  This, 
combined with TCE contamination near the missile site, has led to no groundwater development 
west of Cow Camp on the Belvoir.   On the eastern half of the ranch, there are several developed 
wells.  Belvoir 1 and Belvoir 2 are productive stock wells.  The Enlarged Borie No. 1 feeds one 
of the ponds on the ranch.  The Belvoir 5 and Belvoir 6 were developed to supplement the 
Cheyenne municipal water supply. 
 
Productive wells are located in both confined and unconfined units (JR 2007).  Hydrophysical 
studies show discrete flow characterization.  This means that the groundwater flow is primarily 
occurring in fractures.  Many of the sediments on the western half of the ranch are in highly 
cemented sediments, supporting discreet flow behavior (JR 2007). 
 
In portions of the study area where the Ogallala has been highly and recently developed, it has 
been separated into three sub-aquifers.  The aquifer units are referred to as the Upper, Middle, 
and Lower Ogallala (Figure 1-10) and they are separated by clay and claystone aquitards that 
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appear to be fairly continuous.  However, the Upper Ogallala top confining unit is truncated, 
creating partially confined conditions.  The Upper Ogallala sub-aquifer unit is hydraulically 
connected to Lone Tree Creek (JR 2007).  The Middle and Lower sub-aquifer units are confined 
by fairly continuous aquitards. 
 
The White River Formation has not been explored as thoroughly as the Ogallala.  A study to 
investigate the potential for water development from the White River, sponsored by the 
Wyoming Water Development Commission (WWDC), is currently underway. 
 
The only groundwater found near the former missile site is in the White River (RMC 2006).  
Water is typically intercepted at the contact between the Ogallala and White River Formations.  
The White River aquifer units occur in old stream channel deposits.  There are east and northeast 
oriented paleovalleys (RMC 2006).  These paleovalleys do not match current drainage ways and 
are not fully understood, but this drainage mechanism may create significant pathways for 
groundwater flow. 
 
1.4.3 Recharge Mechanisms 
 
Water enters the High Plains Aquifer from precipitation and stream seepage (Foley 1942 and JR 
2007).   Recharge is significant in the presence of coarse soils.  The arroyos are underlain by 
sand and gravel alluvial deposits making the soil highly permeable (Morgan 1946).  The water 
table is deeper on the western half of the ranch.  The groundwater becomes shallower and 
eventually turns into a discharge zone.  A spring-line is located east of the R. 69/68 W. and west 
of R. 68/67 W survey lines.  Lone Tree, Goose, and Duck Creeks are noted for their return to 
perennial flow.  Lone Tree Creek springs in section 21 of T. 13 N. and R. 68 W.  Goose Creek 
resumes flow in section 36 of the same range and township.  Duck Creek is further south and 
flows again in section 12 of T. 12 N. and R. 68 W (see Figure 1-11).  This spring line occurs 
from a “lensing out” of more permeable beds to the ground surface, causing the groundwater 
discharge (Morgan 1946).  Groundwater exploration east of the spring line has not produced 
wells with significant flows. 

Lone Tree Creek is a key hydrologic feature.  The stream is a tributary of the South Platte River.  
Lone Tree is perennial as it flows from the Laramie Range and then reaches a sink on the west 
end of the ranch, just south of the interstate located in section 17 of T. 13 N. and R. 69 W.  Here, 
the stream flows into the Casper Formation (Foley 1942).  It is believed that water entering the 
Casper Formation eventually recharges the High Plains Aquifer.  Approximately 235 gallons per 
minute are thought to recharge the High Plains Aquifer from the sink (Jordan 1998).  
Downstream from the sink, the stream bed is dry until it reaches the Kennedy No. 1 well located 
in section 16 of T. 13 N. and R. 69 W.  The well is artesian and feeds water into the stream.  
After a few miles the stream is typically dry again.  Lone Tree Creek hits a sand/gravel bed and 
disappears in section 23 of the same township and range (Figure 1-12).  The stream is usually dry 
until Otto Pond except in late spring when surface runoff is at its annual peak. 
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Figure 1-10.  Ogallala on the Western Half of the Belvoir Ranch (JR 2007) 
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Figure 1-11.   Approximate Spring Line of Lone Tree, Goose, and Duck Creeks 
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Figure 1-12.  Lone Tree Creek Flowing into Sand/Gravel Mixture 

 
In this area, Foley estimated the infiltration rate of Lone Tree Creek.  There is a six mile stretch 
located from the SE corner of section 15 of T. 13 N. and R. 69 W. (initial flow was 10.55 cubic 
feet per second) to the east line of section 21 of T. 13 N. and R. 68 W. (where the flow of the 
creek disappeared).  This resulted in an average infiltration rate of 1.76 cfs per mile.  As a 
comparison, a hydraulic conductivity of 0.8 feet per second was estimated from this infiltration 
rate using a 13 feet width of base of the stream.  This is a high hydraulic conductivity and is in 
the range of clean gravel (Fitts 2002).  Therefore the infiltration of the streams over the Ogallala 
is very significant to groundwater recharge.  In a recent aquifer impact report by JR Engineering, 
it is claimed that the stream contribution to groundwater recharge is more significant than from 
precipitation.   
 
The USACE conducted an isotope study on the Belvoir Ranch to identify ages and possible 
sources of recharge.  The tracers included tritium, deuterium, and oxygen-18. Samples were 
collected from 27 wells.  The tritium study is summarized below. 
 
During the Cold War, military activities released high concentrations of tritium into the 
atmosphere.  As a result, tritium concentrations in groundwater provide an approximate indicator 
of the time since the water entered the subsurface.  Although these results are open to a range of 
interpretation, Table 1-1 presents approximate recharge ages of groundwater based on tritium 
concentrations, according to USACE (2006). 
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Table 1-1.  Tritium Concentration and Relative Age of Recharge (USACE 2006) 

 

 
 
Samples showed concentrations ranging from -0.24 to 17.8 TU and resulted in two distinct 
recharge groups.  The first group includes 12 wells that exhibited TU concentrations in the range 
of -0.25 to 1.95.  This was interpreted by the authors as being indicative of relatively “old” 
recharge water, or water that has been in the aquifer since prior to 1952.  The second group 
includes six wells exhibiting TU concentrations in the range of 5.8 to 17.8, suggesting “modern” 
recharge, probably within the last 5 to 10 years.  This interpretation suggests two distinct 
recharge mechanisms.  Wells exhibiting recent recharge are responding to precipitation and are 
currently being recharged.  At the locations of “old” water, recharge may be from water in the 
Laramie Mountains that takes several decades to reach the Belvoir Ranch (USACE 2006).  
Tritium concentrations are considered further in Chapter 3 of this report. 
 
The USACE also performed permeability tests in several wells near the Old Missile Base.  Both 
falling head and rising head tests were conducted and the results are presented in Table 1-2.  The 
maximum conductivity is 10.00 feet per day, while the minimum is 0.23 feet per day.  Clean 
sands to silty soils are indicated from this range of hydraulic conductivities (Fitts 2002). 
 

Table 1-2.  Measured Hydraulic Conductivities (USACE 2006) 
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1.5  SUMMARY 
 
The hydrogeology in the area of the Belvoir Ranch is complex.  The High Plains Aquifer occurs 
in two formations, each showing distinct characteristics.  The Ogallala Formation was formed by 
alluvial processes that created lenses of sand and gravel interbedded with finer-grained, partially-
cemented sediments.  As a result, the aquifer is highly non-uniform, consisting of both confined 
and unconfined units.  The water-bearing units correspond to the coarse-grained lenses, while 
confining layers consist of the finer-grained cemented materials.  Recharge is also non-uniform, 
as indicated by varying relative “ages” suggested by tritium concentrations.  Some wells appear 
to have water that has been recharged relatively recently (the last 5 to 10 years) while the water 
in other wells appears to be older than 1952, suggesting a longer-term response to surface water 
infiltration.  The geohydrology may be complicated further by seepage that is controlled by 
preferential pathways such as fractures.   
 
Compared to the Ogallala, the White River Formation is more homogeneous.  It was formed by 
wind and stream flow, but consists mostly of a soft silt and sand mixture.  The top of the 
formation, at least near the missile base, includes paleovalleys that control groundwater flow, 
contributing further to non-uniformity in the hydrogeology. 
 
Adjacent geologic formations may also exert significant influence on the High Plains Aquifer in 
the study area. The Casper Formation, which outcrops at the western margin, may be a 
groundwater source for the High Plains Aquifer, but the mechanisms of interaction are not 
understood.  Pre-Tertiary to Precambrian formations underlie the High Plains Aquifer.  These 
formations may act as a source or a sink of groundwater to the aquifer.  These boundary 
conditions are not fully understood but could exert a significant effect on the groundwater 
system. 
 
The overview presented in this chapter demonstrates that the Belvoir Ranch is a complex, 
heterogeneous site.  Recharge occurs rapidly in some areas and very slowly in others.  There are 
probably multiple sources of recharge.  Finally, not all aspects of the hydrogeology of the study 
area are understood.  These are all important factors to consider when estimating recharge.   
 
 
1.6 STUDY OBJECTIVES 
 
The overall objective of this study is to apply the best available methods to an updated 
assessment of groundwater recharge on the Belvoir Ranch.  The following two methods were 
selected and applied to the study site: 
 

1. Monitoring of groundwater elevations in wells.  Monitoring provides information on 
seasonal fluctuations and possible sources and ages of groundwater recharge. 

 
2. Create a spatial, water mass-balance computer model for estimating annual recharge due 

to infiltration at the ground surface.  The model is dynamic and is useful for establishing 
upper and lower bounds on the amount of water entering the aquifer on the Belvoir 
Ranch. 
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The objectives stated above represent an initial attempt to better characterize recharge on the 
Belvoir Ranch.  Based on the results of this study, recommendations are made for extending this 
work in the future in order to improve our understanding of the complex geohydrology of the 
site.  Continued monitoring of groundwater levels is recommended.   The computer model can 
also be updated as more information becomes available, increasing its usefulness as an analytical 
groundwater modeling tool. 

 

1.7 SCOPE OF THIS STUDY 
 
Chapter 2 presents a literature review of methods for estimating groundwater recharge.  Chapter 
3 describes a field study involving monitoring of wells on the Belvoir Ranch.  General 
observations pertaining to the geohydrology of the site, deduced from water level fluctuations, 
are presented.   Chapter 4 describes the development of a computer model using the program 
SWAT.  The theoretical basis of the model is summarized and its application to the study area is 
described in detail.  The model is used to predict recharge rates based on measured weather 
inputs and for probable weather conditions in the future.  Chapter 5 presents the major findings 
of this study and recommendations for future research. 
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CHAPTER 2 
 

METHODS FOR ESTIMATING GROUNDWATER RECHARGE 
 
 
This chapter provides an overview of methods for estimating groundwater recharge, based on a 
review of the literature.  This is followed by a description of the methods selected for estimating 
groundwater recharge at the Belvoir Ranch. 
 
 
2.1  THE HYDROLOGIC CYCLE AND GROUNDWATER RECHARGE 

 
The hydrologic cycle, illustrated in Figure 2-1, is a tool for describing the movement of water 
between the oceans, atmosphere, land, glaciers, and organisms.  The cycle is driven by solar 
energy, which causes water to evaporate from ground and water surfaces.  Evaporated water 
builds up as clouds in the atmosphere until it falls as precipitation.  Rain or snow can be 
intercepted by plants, infiltrate into the soil, recharge the groundwater, or flow into surface water 
bodies (runoff).  Water eventually travels to the ocean or evaporates into the atmosphere and the 
hydrologic cycle is assumed to continue perpetually in this way (Maidment 1993). 
 
 
 

 
Figure 2-1.  Hydrologic Cycle (based on annual precipitation on land of 119,000 km3/yr) 

(Maidment 1993) 
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Groundwater recharge is a small component of the hydrologic cycle, but a very important one.  
Groundwater makes up about 30 percent of fresh water on earth.  Surface water makes up 
another 0.30 percent (Maidment 1993).  The remaining fresh water exists in polar ice caps and is 
not available for human use.  This means that groundwater makes up the majority of accessible 
freshwater.  As the human population increases, so does the use of groundwater.  Groundwater 
resources require proper management in order to remain sustainable.  Groundwater recharge 
estimation is a critical part of that aquifer management (Sophocleous 2000). 
 
 
2.2 METHODS FOR ESTIMATING RECHARGE 

 
As part of the hydrologic cycle illustrated in Figure 2-1, recharge is controlled by several 
physical processes.  Precipitation determines how much water enters the system.  The plant 
canopy intercepts a portion of the incoming water.  Water transported to the soil surface may 
evaporate, runoff, or infiltrate.  Evaporation is controlled by air temperature and relative 
humidity.  Runoff depends on the slope and texture of the ground surface.  The amount of 
infiltration is intricately tied to the properties of the soil.  Soil water deficits determine how much 
infiltrated water becomes groundwater recharge.  A reasonably accurate estimate of recharge 
must take into account all of the controlling processes and a variety of methods has been used for 
this purpose.  Each method has strengths and weaknesses.  The following paragraphs provide an 
overview of the most widely used methods. 
 
2.2.1 Mass Balance 

 
Methods based on calculating the water mass balance provide the most fundamental approach to 
estimating groundwater recharge.  The principle of mass balance can be stated as follows: mass 
of water in minus mass of water out is equal to change in storage.  Mass balance calculations are 
commonly applied at two locations: the ground surface and the soil subsurface. 

 
The following equation is a basic form of a mass balance taken at the ground surface: 
 

SIQETCP int  surf        (2-1) 

 
In this formulation, mass of water in is given in terms of precipitation (P), while mass of water 
out is taken as the summation of canopy interception (Cint), evapotranspiration (ET), surface 
runoff (Qsurf), and infiltration (I).  Infiltration can be interpreted as the potential recharge.  Figure 
2-2 illustrates the surface mass balance processes represented in Equation 2-1. 
 
A simple method for estimating infiltration is to assume that change in surface storage (S) and 
evapotranspiration are negligible during precipitation events (Healy 2007).  Then infiltration is 
the difference between precipitation and runoff.  This type of recharge estimation is often done 
with spatial hydrologic models (Maidment 1993).  This type of analysis requires measurement of 
both runoff and precipitation for each event.  In arid environments (which includes the area that 
is the focus of this study) evapotranspiration is not negligible during precipitation events and 
more robust methods that account for ET are required in order to estimate groundwater recharge. 
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Figure 2-2.  Surface Water Mass Balance 

 

 
Figure 2-3.  Subsurface Water Mass Balance 

 
 
A subsurface mass balance considers a control volume in the vadose zone, as shown in Figure 2-
3, and as given by the following expression: 
 

SETRGWQGWI  outsurfin        (2-2) 

 
where I = infiltration of water into the vadose zone, GWin = groundwater flowing into the control 
volume, Qsurf = surface runoff, GWout = groundwater flowing out of the control volume, R = 
groundwater recharge, ET = evapotranspiration, and S = change in water storage in the vadose 
zone.   
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A robust model for estimating recharge would account for mass balances at both the ground 
surface (Equation 2-1) and in the vadose zone (Equation 2-2).  The concept of a mass balance, 
sometimes called a water budget, is simple, but the estimation of the required parameters may 
not be.  In order to apply the mass balance equations to recharge estimates, the following 
parameters must be measured or estimated:  precipitation, runoff, evapotranspiration, 
interception, storage, and groundwater flow.    In most cases, these parameters are not known and 
must be estimated empirically.  Furthermore, all of these processes vary with time.  
 
Several examples are found in the literature of recharge estimates based on a mass balance 
approach.  Braun (2003) applied a surface mass balance analysis to estimate groundwater 
recharge for a site in Wisconsin.  The overall purpose was to identify recharge areas that could 
be protected to sustain the municipal water supplies.  Thompson (1979) applied a subsurface 
mass balance analysis to estimate recharge near Laramie, Wyoming.  The resulting recharge 
estimates were used in conjunction with a groundwater flow model to predict the effects on 
groundwater levels of pumping in the Casper formation.  A recharge study reported by Cherkaur 
(2004) in southeastern Wisconsin used a steady-state, subsurface mass balance approach.  The 
author assumed that over long periods of time, aquifer storage was not changing.  By utilizing a 
Geospatial Information System (GIS) and the Precipitation-Runoff Modeling System (PRMS) 
the author was able to estimate long-term, regional recharge. 
 
2.2.2 Base Flow Separation 

 
Base flow separation has historically been a popular method for estimating recharge.  The 
attraction of this approach lies in its simplicity.  The only measurements required are stream flow 
rates (Arnold 2000).  Base flow separation is based on a simplified mass balance.  If conditions 
are right, discharge from the aquifer can be approximated as recharge.  The following conditions 
and assumptions must be satisfied for this method to be applicable (Halford 2000): 
 

1. Groundwater storage is not changing with time. 
2. The stream discharge has significant flows from the aquifer. 
3. Groundwater flow is separable from surface water. 
4. The recession index, which is the fraction of groundwater that contributes to total flow, 

can be estimated accurately. 
5. Discharge peaks coincide with recharge events both in timing and in magnitude. 

 
Figure 2-4 shows the classic recession curve displacement method to estimate base flow (Lorenz 
2007; Rorabaugh 1964).  The graph shows the variation of streamflow (log scale) with time. 
There is a critical time after a precipitation event when the change in stream flow is significant.  
That change in stream flow is indicated by ΔQ.  The time for the base flow to decrease by one 
log cycle is defined as the recession index.  Recharge is proportional to ΔQ multiplied by the 
recession index.  This process is often automated using a computer program called RORA (Flynn 
2004; Lorenz 2007).  This semi-log linear recession method was used to estimate recharge in 
Wisonsin (Cherkaur 2005).  The authors found that the method was applicable to a humid 
environment where no groundwater pumping was occurring. 
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Figure 2-4.  Base Flow Separation Example (Lorenz 2007) 
 

A newer method for separating base flow from total flow is the use of a digital recursive filter 
(Arnold 2000).  Base flow is measured from total flow.  The filter then calculates how much of 
the total flow is contributed by the aquifer.  The ratio of groundwater flow to total flow is the 
base flow ratio.  The ratio can then be used to predict groundwater contribution to stream flow.  
This type of study was done in the Upper Mississippi River basin to check the accuracy of the 
predictions of recharge using the SWAT model. 
 
Base flow separation is also the method used by Foley (1942) and Morgan (1946) to estimate 
recharge to the High Plains Aquifer in Laramie County.  These studies are identified in Chapter 1 
as the only previous work on recharge corresponding to the study area (Belvoir Ranch).  Also in 
Chapter 1, it was pointed out that this approach suffers from several shortcomings.  In particular, 
several of the assumptions and conditions (identified above) are not satisfied.  There is 
significant pumping of the aquifer.  The system is not in a steady-state condition because water 
levels are changing over time.  Also, Morgan did not account for the contributions of 
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precipitation runoff to stream flow.  For these reasons, base flow separation alone is not an 
adequate method for estimating recharge for the Belvoir Ranch. 
 
2.2.3 Chemical Ratios and Isotopes 

 
Isotopes have a wide range of application in groundwater studies.  Those applications include 
groundwater tracing, age estimation, or the rate of recharge.  There are also many different 
isotopes that can be analyzed based on the study site. 

 
A study in southeast Murray Basin of New South Wales, Australia used environmental isotopes 
to assess groundwater recharge variability (Cartwright 2006).  The authors first addressed the 
relative evapotranspiration rates of areas by considering total dissolved solids (TDS) and the 
ratio of chlorine to bromine (Cl/Br).  Areas with higher evapotranspiration rates have a higher 
TDS and Cl/Br.  Therefore, lower TDS and Cl/Br indicate fresher groundwater and areas of 
higher recharge.  These parameters thus become a tool for identifying recharge zones.  Then the 
authors used 36Cl as a tracer to identify groundwater flow paths.  The authors also used carbon 
dating to estimate how recently the groundwater had been recharged.  With the isotope 
information they performed a crude estimation of recharge with the following equation: 
 

)(

)(

gwCl

pClP
R


          (2-3) 

 
where R = recharge, P = precipitation, Cl(p) = the concentration of chlorine in the precipitation, 
and Cl(gw) = the precipitation of chlorine in the groundwater.  Recharge is proportional to 
precipitation and the amount of chlorine in the rain.  Recharge is inversely proportional to the 
chlorine concentration in the groundwater.  The authors claim their technique as a good first-
order estimate of recharge that may be refined by using other techniques. 

 
Isotopes can be used as a useful qualitative analysis tool for tracer studies (Fröhlich 1991).  
However, they are expensive and do not provide direct quantitative estimates of recharge.  As 
discussed in Chapter 1, a tritium isotope study was conducted on the Belvoir Ranch.  The results 
provide a qualitative distinction between zones of “old” water (prior to 1952) and zones of more 
recent recharge.  While this information is useful for understanding recharge mechanisms, it does 
not provide the quantitative estimate of recharge that is needed. 
 
2.2.4  Numerical Models 

 
Numerical models mimic processes in nature in order to predict the hydrologic behavior of a site.  
Models come in many forms and have to be customized for every project site.  The most 
common models used to estimate groundwater recharge include linear regression models and 
spatial hydrologic models. 
 
2.2.4.1 Linear Regression Models 

 
Linear regression models are a popular method for estimating recharge.  Regressions are 
typically developed over large study areas, such as states or counties.  The models are calibrated 
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against one or more independent estimates of recharge, typically base flow separation.  This type 
of recharge study is also set up to predict average annual recharge over long periods of time.  
While this method is not dynamic from year to year, it gives water managers a crude idea of how 
much recharge is generally occurring. 
 
An example of a linear regression model to estimate recharge is described by Lorenz et al. 
(2007) for the entire state of Minnesota.  The linear regression model is given in the following 
form: 
 
          (2-4) 
 
where R = recharge (cm/year), a,b,c, and d = regression coefficients, P = precipitation (cm/yr), 
GDD = Growing Degree Days (°C above 10), and SY = Specific Yield.  Precipitation was 
measured from rain gages across the state.  GDD is a temperature measurement above 10° 
Celsius.  GDD is a parameter used to account for evapotranspiration.  Specific yield is the 
volume of water that will drain out of a unit volume of soil due to gravity.  The linear regressions 
were calibrated using base flow separation estimates of recharge.  The authors found the method 
to be a reasonable regional estimate for groundwater recharge.  The results of the study shows 
areas of higher and lower recharge across the state as well as lower and upper bounds on 
recharge rates. 

 
The USGS conducted a similar study in New Hampshire (Flynn and Tasker 2004).  The 
parameters used included stream flow, topographical basin characteristics, and precipitation.  
Linear equations were developed at using data from 55 stream-gaging stations located 
throughout the state.  The developed regression equations have the following form: 
 
  %             (2-5) 
 
Where R = recharge (inches), a,b,c, and d = empirical regression coefficients, P = precipitation 
(inches), T = temperature (°F), and %F = the percent of coniferous or deciduous forest in the 
basin.  Unique equations were developed for each season (spring, summer, winter, and fall) as 
well as an equation for annual recharge. The regression equations were calibrated using recharge 
estimates from base flow separation.  The study provides estimates of long-term average 
recharge annually and seasonally for the state of New Hampshire. 
 
Linear regression models can provide approximate long-term average recharge rates over large 
areas.  This type of study is not adequate for the goals on the Belvoir Ranch. 
 
2.2.4.2 Spatial Models 

 
Spatial models are readily used since computers can automate rigorous calculations.  Most of the 
software available is based on a water mass balance.  Also, Geographical Information Systems 
(GIS) allow the use of physically-based distributed parameter models.  Many of these models are 
in the public domain because they are developed by government agencies.  While these programs 
are useful and easy to access, they must be used properly.  Hydrologic models are input 
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intensive.  Also, calibration can be difficult if the correct data are not available (Maidment 1993).  
Below is a summary of some of the more popular spatial models. 

 
The Precipitation-Runoff Modeling System (PRMS) was created by the USGS to simulate 
watershed response (Maidment 1993).  The model takes a watershed and divides it into 
Hydrologic Response Units (HRUs).  HRUs are areas of unique soil, slope, and vegetation cover.  
The program performs both water and energy balances for each HRU, then sums up the results 
for the watershed.  In southeastern Wisconsin, this program was used to estimate recharge 
(Cherkaur 2004).  Input data included temperature, precipitation and land cover.  The data input 
was taken from a GIS database.  Then the model calculates runoff, infiltration, and evaporation 
from precipitation.  The authors found their recharge estimates were adequate when compared to 
base flow separation measurements.  They were then able to extrapolate the model to ungaged 
watersheds in Wisconsin. 

 
The European Hydrologic System Model or Système Hydrologique Europèen (SHE) is a 
physically based, distributed-parameter catchment modeling system (Maidment 1993).  Spatial 
parameters are input in terms of x and y coordinates.  Multiple horizontal layers can be used to 
account for vertical variability (z-direction).  The SHE program models the major hydrologic 
processes shown in Figure 2-5. 

 
A spatial model used widely in the U.S. is the Soil and Water Assessment Tool (SWAT).  SWAT 
was developed by the USDA to predict the impact of land management on watersheds (Neitsch 
2005).  The model was used in the Upper Mississippi River Basin to estimate recharge (Arnold 
2000).  This model was also compared to a base flow separation estimate of recharge.  The 
model was then used to predict recharge in both gaged and ungaged stations.  SWAT was 
selected for modeling hydrologic processes, for the purpose of predicting groundwater recharge 
at the Belvoir Ranch, as described in Section 2.3 and in greater detail in Chapter 4. 
 
Spatial hydrologic models are substantial tools for calculating water mass balances.  Calculations 
too cumbersome to do by hand can be performed rapidly using computer programs.  If the 
necessary input is available, a model can aid in understanding the dynamic behavior of a 
watershed (Healy 2007). 
 
2.2.5  Direct Recharge Measurements 

 
Direct measurements can provide realistic estimates of recharge at a specific location and 
provide a “reality” check on recharge predicted by numerical models.  However, field 
monitoring can be time-consuming and expensive and provides recharge only at the location of 
the measurement.  Methods of direct recharge measurements include monitoring water levels in 
wells or lysimeters. 

 
Lysimeters are instruments that can be placed in the soil to estimate groundwater recharge 
(Healy 2007).  A lysimeter can be a simple collection vessel or a complex weighing system.  The 
more complex lysimeters can measure fluxes smaller than 1 mm per day.  No matter how simple 
or complex the instrument is, lysimeters must reflect the environment around them.  The soil and 
vegetation in the lysimeters has to match that around it (Maidment 1993).  While lysimeters can 
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be very accurate, they are expensive and only represent a small area.  Large, heterogeneous study 
sites may not benefit from the use of lysimeters. 

 
Groundwater recharge can be inferred from changes in water levels in monitor wells (Avery 
1999).  The equation for estimating recharge is as follows: 
 

∆
         (2-6) 

       
 

where r = rate of recharge (volume per unit surface area), n = porosity of the aquifer, H = 
change in water level, and t = time (Cherkaur 2004).  The advantage of this method is that it is 
based on direct measurement.  However, an accurate estimation of porosity is needed for results 
to be accurate.  Also, this is recharge measured at a point, which may or may not represent he 
rate of recharge over a large area. 
 
 

 
 

Figure 2-5.  Example of a Lysimeter (Maidment 1993) 
 
 
 

2.3  RECHARGE ESTIMATE APPROACH ON THE BELVOIR RANCH 
 

In order to estimate groundwater recharge into the High Plains Aquifer on the Belvoir Ranch, 
two methods were used.  The first method was a direct measurement of groundwater levels in 43 
wells on the Belvoir Ranch.  All of the wells were drilled into the High Plains Aquifer.  The 
second approach was to use the computer program SWAT to estimate percolation and 
groundwater recharge.   
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2.3.1 Groundwater Monitoring Program 
 

Water levels were collected in 43 monitor wells on the Belvoir Ranch.  Measuring changes in 
water levels at wells can be used to infer behavioral trends of the groundwater table.  The data 
also show when and how much groundwater recharge is occurring.  The principal limitation of 
this approach is that each measurement represents groundwater elevation at a specific point, 
which may be controlled by highly localized conditions and may not necessarily represent 
recharge over a larger area. 

 
Thirty-five of the monitored wells are owned by the USACE.  These wells cover an area from 
the east end of the ranch to six miles west of the old missile site.  The USACE wells were drilled 
primarily to monitor TCE contamination at and down gradient of the missile site.  Water levels 
in these wells were measured using a Solinst© Water Level Meter shown in Figure 2-6.  Wells 
were measured monthly (weather allowing).  The remaining eight wells are owned by the City of 
Cheyenne and were installed with funding from the Wyoming Water Development Commission 
(WWDC).  These wells were drilled to supplement the water supply for Cheyenne.  Each well is 
equipped with a data logger that records water levels every hour.  Data were collected from the 
loggers monthly (subject to weather) and were downloaded using the program Global Logger II.  
The hourly data were averaged for each day.   
 
Well-monitoring data were used to analyze trends in water levels, thus providing direct 
information on recharge magnitude and its variation over time, at the well locations.  A detailed 
description of the well-monitoring program and its application to estimating groundwater 
recharge are the topics of Chapter 3 of this report. 
 

 
Figure 2-6.  Solinst© Water Level Meter 

 
 

2.3.2  Computer Program SWAT 
 
The modeling program SWAT was used to develop a dynamic estimate of groundwater recharge 
on the Belvoir Ranch.  SWAT was developed originally to predict the impact of land 
management practices on watersheds.  These impacts include chemical yields, sediment 
transport, and a water balance (Neitsch 2005).  For this study, SWAT was utilized solely for its 
ability to model the processes controlling water balances at the ground surface and in the 
subsurface, and for its ability to incorporate spatial variations in soil type, land use, surface 
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topography, and other features.  The program features a GIS interface that allows existing data 
on topography, soil types, etc., to be imported directly.  Chapter 4 of this report describes the 
underlying equations used in SWAT and the development of a spatial-based model of the Belvoir 
Ranch for the purpose of analyzing groundwater recharge. 
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CHAPTER 3 
 

WELL MONITORING 
 

 
3.1  BACKGROUND 
 
A total of forty-three wells were monitored for the groundwater level study.  Thirty-five of these 
wells are U.S. Army Corps of Engineers (USACE) wells.  The remaining eight are owned by the 
City of Cheyenne and were installed in cooperation with the Wyoming Water Development 
Commission (WWDC).  In this report, these are referred to as WWDC wells.   
 
The USACE drilled thirty-six monitor wells on the Belvoir Ranch from 2003 through December 
of 2005.  These wells were installed in order to characterize the TCE plume.  Prior to this study, 
these wells were not monitored regularly, although some measurements were made.  For this 
study, the plan was to monitor each well monthly.  This objective was largely achieved, except 
that on several occasions winter conditions precluded access to the well sites.  Water levels were 
measured using a Solinst© Water Level Meter.   Measurements from one well (MW30) were 
eliminated from the study because the readings were not clear.  Figure 3-1 shows the locations of 
the USACE monitor wells.  Data were collected from November 19, 2007 through August 30, 
2008.  Water levels reported by USACE from 2003 through 2007 are also incorporated into this 
study. 
 
The WWDC wells were drilled for water exploration and production.  Belvoir No. 1 and Belvoir 
No. 2 are older wells that are used for livestock and irrigation.  The other six monitored wells are 
TH-3, TH-4, TH-5, TH-6, TH-9, and Belvoir No. 5 (note: TH = Test Hole).  The newer city 
wells were installed by JR Engineering as part of a water exploration study funded by the 
Wyoming Water Development Commission (WWDC).  The wells are equipped with data 
loggers installed between March and June of 2006 (JR 2007).  The sensors are vented cable 
transducers that correct for barometric pressure.  The data loggers are programmed to record 
water levels hourly.  Data were collected from these wells on a monthly basis as well as possible.  
The data collected are from July 25, 2007 through August 30, 2008. 
 
 
3.2  USACE WELLS 
 
3.2.1  Well Installation 
 
The USACE wells were completed by a USACE drill crew using a Gus Pech 1300C drill rig 
equipped with hollow-stem augers, 6.625-inch inside diameter.  When the augers were refused 
by cobbles and boulders a 4.0-inch diameter tri-cone bit or 4.25 or 6.00 inch pneumatic down-
hole hammer was used.  The wells were constructed with 2-inch nominal diameter Schedule 40 
polyvinyl chloride (PVC) pipe.  The screens were constructed from 0.020 inch continuous slot 
PVC and installed in ten foot intervals.  All of the monitor wells had ten foot screens except for 
MW12, which has a twenty foot screen and MW16, which has a fifty foot screen.  The annular 
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Figure 3-1.  Location Map of USACE Wells 
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space around each screen was backfilled with 12-20 silica sand to act as a filter.  The filter 
extends approximately one foot below and five feet above each well screen.  A 5-ft thick 
bentonite seal was placed above each filter and then cement grout was placed above the 
bentonite seal up to the ground surface.  The bottoms of the wells were capped with a PVC end 
cap.  Then a vented PVC slip cap was placed at the top of each well (USACE 2006). 

3.2.2  Well Monitoring Results (USACE) 
 
A wide range of behaviors was observed in the USACE wells, in terms of magnitude of water 
level changes and also in terms of the time period over which fluctuations in water levels 
occurred.  In order to categorize the range of aquifer behaviors observed, the monitor wells were 
grouped on the basis of the following three parameters: 
 

1. Timing of recharge response either short-term, delayed, or none observed. 
2. Display of hydraulic connection to Lone Tree Creek. 
3. Tritium estimation of groundwater age. 

 
A recharge response was considered significant if the water level increased 0.10 feet or more 
between measurements.  Wells with a short-term recharge response showed significant water 
level increases in April.  The month of April 2008 had the highest precipitation and snowmelt 
during the monitoring period.  Therefore April also had the highest infiltration potential.  A 
delayed response to recharge is defined as significant recharge response, but occurring after 
April.  These wells showed recharge over several months, but are not as sensitive to weather 
conditions as the wells displaying a short-term recharge response.  Wells with no observed 
recharge never showed an increase of 0.10 feet or more between any readings. 
 
Monitor wells that displayed hydraulic connection to Lone Tree Creek had to exhibit two 
qualifying characteristics.  The first is relative proximity to the stream.  The second is the display 
of large fluctuations in water levels.  All of the wells with the hydraulic connectivity had water 
level fluctuations of at least 0.40 feet between some readings.  The water level in Lone Tree 
Creek fluctuates due to weather and the infiltration capacity of the Ogallala.  The monitor well 
data reflect the changing water levels in the stream. 
 
The third parameter used to classify the wells was the relative “age” of groundwater, as inferred 
from tritium concentrations measured by the USACE in 2006 and reported in Chapter 2.  The 
data from the USACE tritium study are reproduced in Table 3-1, in which each well is 
categorized as being either “modern” (younger than 1952), or “Prior to 1952”. 
 
Based on the above parameters, the USACE wells are organized into the five groups presented in 
Table 3-2.  Group A includes wells that did not display significant recharge, are not hydraulically 
connected to Lone Tree Creek, and which indicate recharge occurring before 1952.  Group B 
includes wells that did exhibit recharge events, but the observed recharge did not occur in April.  
Group C has similar behavior to Group B, but the tritium study indicates modern recharge.  
Group D wells showed significant recharge in April, but no apparent connection to Lone Tree 
Creek.  Finally, Group E includes wells that are responsive to fluctuations in Lone Tree Creek.  
Data on each USACE well and corresponding graphs of water levels are presented in Appendix 
A.  Distinguishing characteristics of each group are discussed briefly below. 
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Table 3-1.  Tritium Isotope Study Results (USACE 2006) 

 
  * NS = Not Sampled 
 
 
 

Table 3-2.  Categorization of USACE Monitor Wells 
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Group A Wells 
 
Wells in Group A did not display significant recharge over the monitoring period.  The tritium 
values indicate recharge before 1952, which supports the observed behavior.  Wells included in 
this group are listed in Table 3-3.  Five of the wells are in the area of the missile base.  The 
remaining four are spread out south east of the base (see Figure 3-1).  All of the wells are on 
relatively high ground and do not intersect any major drainages.  The water elevations in these 
well steadily decreased during the monitoring period.  The range of total water level drop is from 
1.3 to 14.5 feet.  Table 3-3 summarizes the water level decreases and averaged monthly rates. 
 
 

 
Table 3-3.  Water Level Decline, Summary of Group A Wells 

 
 
 
 
The water level decline rates range from 0.28 to 4.13 inches per month.  The wells installed in 
2005 (except MW31) only vary from 0.53 to 0.57 inches per month.  The older wells show more 
variability ranging from 0.28 to 0.92 inches per month.  MW31 is an outlier and showed the 
greatest decline in water levels for the USACE data set with an average change of 4.13 inches 
per month.  MW31 may be affected by the down gradient seasonal pumping.  The aquifer units 
pertaining to Group A are probably being recharged from very old sources such as groundwater 
flow from the Laramie Mountains.  The reason for the lack of recharge over the study period 
may be drought, high rates of pumping, or a combination of the two. 
 
Group B Wells 
 
Group B is a small collection of wells that include MW05, MW23, and MW24.  The wells 
showed significant recharge at some time during the monitoring period, but not during April.  
Also, these wells have tritium concentrations indicating old groundwater recharge.  Group B 
wells are not showing any hydraulic connection with Lone Tree Creek. 
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MW05 and MW24 exhibit very similar recharge patterns.  For the measurement on August 1, 
2008, MW05 shows a water level increase of 0.45 feet and MW24 shows an increase of 0.43 
feet.  This may mean that water from spring took most of the summer months to reach the water 
table in these wells.  Another explanation is deep groundwater flow that entered the aquifer units 
corresponding to these wells.  MW05 and MW24 are relatively close together, so they may be 
hydraulically connected. 
 
MW23 had delayed recharge, but behaved differently than the other two wells.  There were two 
separate recharge events, one in February of 0.27 feet and one in May of 0.28 feet.  MW28 is 
drilled into a deep aquifer unit near the base.  These recharge events are probably due to 
groundwater flow or very slow infiltration of water. 
 
Group C Wells 
 
The wells in Group C are defined as showing a delayed response to recharge (no significant 
recharge occurring in April), no hydraulic connectivity to Lone Tree Creek, and a tritium 
concentration indicating modern recharge.  The wells included in this group are MW06, MW12, 
MW16, MW33, and MW34.  Figure 3-2 shows typical recharge behavior observed in these 
wells. 
 
 

 
Figure 3-2.  Recharge Events in Group B Wells 

 
Group C recharge events appear to occur with varying degrees of delay.  MW12 has the shortest 
water level response since recharge occurred in May.  MW16, MW33, and MW34 have recharge 
events during the summer months.  The months of June, July, and August are when 
evapotranspiration rates are highest in Wyoming.  Water most likely infiltrates into the ground 
and the recharge delay is the time it takes the water to flow through the vadose zone.  MW06 had 
a recharge event in January, when infiltration is negligible because the soil surface is frozen.  
Group C wells show that recharge is occurring all year long on the Belvoir.  The controlling 
factor is the hydrogeology of the vadose zone. 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

12/29/2007 2/27/2008 4/27/2008 6/26/2008 8/25/2008

O
b
se
rv
e
d
 R
e
ch
ar
ge

 (
ft
)

Date

Group C Recharge

MW06

MW12

MW16

MW33

MW34



39 
 

Group D Wells 
 
The wells in Group D showed significant recharge in April and are not hydraulically connected 
to Lone Tree Creek.  Tritium concentrations were not considered for this group of wells, because 
most of the wells in Group D were not sampled for tritium.  Those that were sampled showed 
mixed results, three indicated recharge prior to 1952 (MW02, MW04 and MW38) and one 
indicated modern recharge (MW03).  The wells included in Group D are MW02, MW03, 
MW04, MW15, MW18, MW19, MW25, MW26, MW27, MW32, and MW38.  Another 
characteristic that groups these wells together is their location.  All of the wells are close to the 
missile base.  While some wells near the base show little or no change in water levels, these 
wells are very reactive.  Figure 3-3 shows recharge behavior occurring in this group. 
 

 
 

Figure 3-3.  Recharge Events for Group D Wells 
 
Every well in this class shows an increase of at least 0.12 feet when the water levels were 
measured in April 2008.  For over half the wells in Group D, this was the only significant 
recharge incident observed.  The wells that displayed recharge during other months are MW04, 
MW15, MW25, and MW38.  MW04 showed a water level increase in April and May.  MW15 
shows water level increases in June and August.  MW26 exhibited water level increases in 
January and August.  MW38 showed recharge in June.  Much like the wells in Group C, recharge 
can occur anytime during the year.  However, April is the key month for recharge in this study 
since this was when the highest potential for infiltration occurred and these wells show a short-
term response to surface infiltration. 
 
Group E Wells 
 
The wells in Group E show some interesting behavior patterns, most likely related to interaction 
with Lone Tree Creek.  The wells are all located relatively close to Lone Tree Creek.  Group E 
wells showed significant changes in water levels, which correlated with the level of the stream 
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nearby.  Also, all the wells that were sampled in this class for tritium indicate modern recharge.  
The wells included in this group are MW10, MW11, MW21, MW22, MW36, and MW37.  There 
is a lot of variation in the behavior of the wells.  This variation can be explained by stream 
interaction with the groundwater.   
 

 
Figure 3-4.  Behavior of Water Levels in Group E 

 
 
Figure 3-4 is a summary of the behavior of the wells that show hydraulic connection to Lone 
Tree Creek.  Groundwater elevations are highest on the west side of the ranch (MW10) and are 
progressively lower as the wells are located farther east (MW11).  MW21 and MW22 almost 
overlap, but MW22 is up-gradient/west of MW21. 
 
MW10 and MW11 water levels are steady when compared to the other wells.  MW10 is located 
by the stream before Lone Tree completely infiltrates into the Ogallala Formation.  MW11 is 
next to a pond whose water levels are steadier than the stream.  MW22 is downstream of MW10.  
The water levels increased in January and May of 2008 and had decreases in the other readings.  
MW21 is southeast of MW22 and behaves very differently.  Water levels decreased by over four 
feet in March, then rebounded 5.3 feet in April, then slowly declined.  The hydrogeology that 
controls MW22 is very different from MW21.  MW36 and MW37 have a similar pattern to 
MW21, but the timing and values of water level change are more skewed, as if there is a 
hydraulic delay since these wells are farther downstream.  MW36 had steady water level 
increases from February through June of 2008 and has been declining since.  MW37 showed an 
increase in water level in June of almost four feet.  Every other reading for MW37 showed a 
decline.  MW21 shows the large increase in April.  Down-gradient, MW36 showed increases 
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through spring and early summer, while MW37 shows a large jump near the end of June.  These 
three wells appear to be responding to each other but there is a definite time lag due to their 
locations.   
 
Group E clearly shows the groundwater interaction with Lone Tree Creek.  These observations 
suggest that the stream is a significant source of groundwater recharge into sections of the High 
Plains Aquifer. 
 
 
3.3  WWDC WELLS 
 
3.3.1  Installation 
 
The WWDC test holes and wells are located on the eastern half of the ranch as shown in Figure 
3-5.  All the wells were completed in the Ogallala Formation.  The test holes were completed by 
Sargent Drilling under the supervision of JR Engineering (JR Engineering 2005).  The well 
screens and blanks were made of 4 inch PVC pipe with 0.40-inch slots.  The screens were 
typically placed from the bottom of the hole to 40 feet below ground surface.  The blank PVC 
was extended 2 to 3 feet above the ground.  The bottoms of the wells have an end cap.  The filter 
is a gravel pack placed over the screened interval.  Above the gravel pack, grout was poured to 
the ground surface.  At the ground surface a 4 by 4 foot concrete pad was laid around each test 
hole.  Also, an 8 inch steel collar was placed around the PVC with a locking cap.  Figure 3-6 
shows one of the WWDC wells during downloading of the data logger by the first author. 
 
3.3.2  Well Monitoring Results (WWDC) 
 
The eight WWDC monitor well are separated into two behavioral groups: those wells that 
showed a direct response from pumping (Group F) and those that did not (Group G).  Monitoring 
data, in the form of graphs showing water level fluctuations, for all WWDC monitor wells are 
presented in Appendix B. 
 
Group F 
 
The wells in Group F are WWDC wells that are either pumped or show a response to pumping.  
Belvoir No. 1 and Belvoir No. 2 are pumped seasonally for livestock and hay production.  
Belvoir No. 1 is pumped fairly continuously from mid March until mid September.  Belvoir No. 
2 was pumped in July and August of 2008.  TH-4, TH-5, and TH-6 clearly show an immediate 
response to the seasonal pumping.  The response is a decrease in water level when Belvoir No. 1 
is turned on and a recovery in the fall when it is turned off.  The drawdown behavior of the wells 
influenced by pumping demonstrates that these wells are connected hydraulically to the same 
aquifer units, but does not provide much insight into recharge, at least during pumping.  
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Figure 3-5.  Locations of WWDC Wells
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Figure 3-6.  Downloading Data Logger at WWDC Well 

 
 
To illustrate the effect of pumping, Figure 3-7 shows water level variations in Belvoir No. 1 and 
TH-6.  When pumping is initiated in March of 2008, the water level in Belvoir No. 1 falls by 
approximately 140 ft.  TH-6 reacts immediately with a 6-ft drawdown in water level.  Similar 
changes, opposite in direction, are observed at the cessation of pumping in September 07.  
Belvoir No. 1 shows no apparent change in water levels during periods of no pumping, while 
TH-6 shows a decrease of 1 ft from October to March.   
 
Figure 3-8 shows the responses of Belvoir No. 2 and TH-5.  Both wells clearly show a response 
to pumping at Belvoir No. 1 between March and September.  In addition, Belvoir No. 2 was 
pumped during periods of July and August of 2008, which shows up as a drop of 14 ft on the 
graph.  TH-5 also responds to the pumping of Belvoir No.2 with a drop of 0.4 feet.    During the 
period of no pumping, the water levels in both Belvoir No. 2 and TH-5 recovered and then 
increased slowly, indicating groundwater recharge for this period of time (6 months).   The 
similar overall behavior of TH-5 and Belvoir No. 2 suggests that these two wells are 
hydraulically connected and are probably screened in the same aquifer unit. 
 
Wells TH-4 and Belvoir No. 5 show a similar behavior (to each other) during the monitoring 
period.  Both show an overall steady decrease in water level, during both pumping and non-
pumping periods (see graphs in Appendix B).  The rate of decrease, or slope, changes distinctly 
(increases) when pumping in Belvoir No. 1 starts.  The consistent decrease in water levels, 
especially in the absence of pumping, suggests net groundwater depletion at these locations. 
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Figure 3-7.  Behavior of Belvoir No.1 and TH-6 

 
 
 

 
Figure 3-8.  Water Level Behavior of TH-5 and Belvoir No.2 

 
 
   

0

20

40

60

80

100

120

140

160

7/17/2007 11/14/2007 3/13/2008 7/11/2008

W
at
e
r 
Le
ve
l (
ft
)

Date

Belvoir No.1 & TH‐6 Comparison

Belvoir No.1

TH‐6

6485

6490

6495

6500

6505

6510

6515

6520

6525

7/17/2007 11/14/2007 3/13/2008 7/11/2008

El
e
va
ti
o
n
 (
ft
)

Date

Comparison of Belvoir No.2 and TH5

Belvoir No.2

TH‐5



45 
 

Group G 

TH-3 and TH-9 do not show any apparent response to pumping.  However, each of these wells 
behaves uniquely and appears to be located in an isolated aquifer unit. 
 
TH-3 shows an annual cycle.  The water levels decrease from July through January.  During the 
winter months water levels oscillate, reaching a low in January.  The oscillations then become 
smaller and water levels increase into May and then begin to drop again.  TH-3 is recharging 
from January through May, but is losing water during the rest of the year.  The downward spike 
of water levels in the winter is not completely understood.  TH-3 is recharging during late winter 
and spring and water is lost possibly due to pumping down gradient.  However the effect of 
pumping is not seen as clearly as in the wells of Group F.   
 
TH-9 is located near Lone Tree Creek and the observed behavior reflects the influence of the 
water levels in the stream.  From the beginning of the monitoring period in July of 2007, the 
water levels rise about 0.5 feet until December.  Then there was a drop and the water level 
oscillates, but has no general trend, until March of 2008 at which point the water level rose 
another 0.5 feet.  Since then, the well has been losing water.  The gains in water level correspond 
to low evapotranspiration and snow storage in the drainage.  The water levels decrease as the 
temperatures rise and the flow in the stream diminishes. 
 
 
3.4   DISCUSSION OF WELL DATA 
 
Fluctuations in groundwater levels measured at wells provide both qualitative and quantitative 
information about groundwater system response.  The data obtained for this study on the Belvoir 
Ranch provide valuable insight into the overall behavior of the High Plains Aquifer.  Taken 
alone, the well monitoring data do not provide definitive values of groundwater recharge over 
the study area, however, they provide one piece of the puzzle needed to quantify recharge when 
considered within the overall framework of hydrologic system response.  The system response 
must account for all sources of groundwater inflow, groundwater transport within the aquifer, 
and groundwater outflow or removal   The following general observations are noted: 
 

1. Water level fluctuations vary widely between individual monitoring wells 
2. Some wells exhibit short-term response to processes such as pumping, precipitation, and 

stream flow, while other wells appear to show little or no response to such processes 
3. As a group, the USACE wells, located mostly in the western half of the study area and at 

higher elevations, show declining groundwater levels, at least over the monitoring period 
of this study 

4. As a group, the WWDC wells, located in the eastern half of the study area and at lower 
elevations, show higher magnitudes of water level fluctuations, apparently in response to 
pumping and possibly due to proximity to a zone of groundwater discharge at the spring-
line 

 
The first two observations noted above are interpreted as demonstrating the complexity in the 
features controlling groundwater behavior in the High Plains Aquifer.  At any specific location 
(well), groundwater movement is controlled by a number of factors related to the geologic 
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conditions.  As described in Chapter 1, the High Plains Aquifer lies in the Ogallala and White 
River Formations, which exhibit wide variations in texture and hydraulic conductivity.  In the 
Ogallala, lense-shaped beds of sand and gravel (high permeability) are surrounded by beds of 
silt, clay, and limestone (low permeability), creating highly non-uniform patterns of groundwater 
flow.  Groundwater will collect in high-permeability sand and gravel lenses.   Lateral movement 
of groundwater is controlled by preferential pathways, which may consist of higher-permeability 
beds and/or fractures occurring in lower-permeability or cemented beds.  The White River 
Formation, while less heterogeneous than the Ogallala, nevertheless shows wide variations in 
flow characteristics, with fractured-flow and flow through paleo-valleys believed to be the 
dominant mechanisms of groundwater movement.  Previous studies have identified both 
confined and unconfined sub-aquifers within the two formations.  Furthermore, the Ogallala and 
White River formations appear to be interfingered with ill-defined and unknown boundaries.   It 
is, therefore, to be expected that groundwater fluctuations will vary widely between specific 
locations, and this is verified by the well monitoring data collected for this study. 
 
Observation number 3, above, is based on measurements made in the USACE wells beginning as 
early as 2003 and extending through August of 2008.  To illustrate the overall decline in 
groundwater levels in the area over which the USACE wells are distributed, consider the average 
change observed over a period of one year.  Note that long-term changes (annually or over 
multiple years) should be based on comparisons made during the same month of the year in order 
to minimize the influence of seasonal fluctuations.  Considering the dates on which 
measurements were made for this study, the one-year period corresponding to initial readings 
taken on May 9, 2007 is selected.  Using the data presented in Appendix A, two sets of reading 
dates are close to a one-year period.  The first set of readings were obtained in late April of 2008 
(either April 25 or April 29), with a subsequent set of readings taken in late May/early June of 
2008 (either May 28 or June 1).  Average changes in water levels for all 35 USACE wells are 
tabulated in Table 3-4, for both reading dates.  Because the USACE wells are distributed 
randomly over the area, and all showed declines in water levels (except for one measurement, 
MW21), the average values represent a valid estimate of groundwater decline, which is 
approximately 15 inches for a one-year period.  While the period selected for this illustration is 
arbitrary, consideration of water level changes for other time periods support the conclusion that 
groundwater levels have been declining in this portion of the High Plains Aquifer since at least 
2003.  The cause of this overall decline cannot be determined from the information currently 
available.  Possible causes include recent or historic climatic conditions (drought) and removal of 
groundwater from wells down-gradient.    It is highly recommended that monitoring of these 
wells continue and that the data be analyzed on a regular basis in order to identify past and future 
trends. 
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       Table 3-4.  Illustration of One-Year Declines in Water Levels, USACE Wells  

 
  
 

5/9/2007
4/25 or 

4/29, 2008

5/28 or 

6/1, 2008
h (in)              

5/9/07 ‐ 4/29/08

h (in)              
5/9/07 ‐ 6/1/08

1 62.56 63.59 63.53 ‐12.4 ‐11.6

2 108.04 109.34 109.81 ‐15.6 ‐21.2

3 68.68 70.76 70.79 ‐25.0 ‐25.3

4 84.08 85.45 85.17 ‐16.4 ‐13.1

5 45.78 47.13 47.45 ‐16.2 ‐20.0

6 85.67 86.41 86.87 ‐8.9 ‐14.4

7 62.09 63.15 63.08 ‐12.7 ‐11.9

8 98.81 100.41 100.60 ‐19.2 ‐21.5

10 9.16 9.91 10.03 ‐9.0 ‐10.4

11 8.39 9.41 9.53 ‐12.2 ‐13.7

12 151.66 153.47 152.42 ‐21.7 ‐9.1

13 165.32 166.02 166.16 ‐8.4 ‐10.1

14 216.97 217.87 218.21 ‐10.8 ‐14.9

15 93.35 94.25 94.29 ‐10.8 ‐11.3

16 166.37 NR 168.23 ‐ ‐22.3

18 91.59 93.03 93.41 ‐17.3 ‐21.8

19 80.14 80.89 81.24 ‐9.0 ‐13.2

20 152.39 153.35 153.41 ‐11.5 ‐12.2

21 21.34 21.09 21.77 3.0 ‐5.2

22 13.46 13.85 12.18 ‐4.7 15.4

23 106.88 107.99 107.71 ‐13.3 ‐10.0

24 65.92 66.84 66.91 ‐11.0 ‐11.9

25 90.46 91.89 92.13 ‐17.2 ‐20.0

26 96.01 97.37 NR ‐16.3 ‐

27 75.06 75.93 76.25 ‐10.4 ‐14.3

28 95.16 96.08 96.07 ‐11.0 ‐10.9

29 61.42 62.39 62.36 ‐11.6 ‐11.3

31 193.89 197.81 198.13 ‐47.0 ‐50.9

32 98.45 99.25 100.11 ‐9.6 ‐19.9

33 179.57 180.84 181.01 ‐15.2 ‐17.3

34 230.42 231.51 232.31 ‐13.1 ‐22.7

35 95.89 96.59 96.81 ‐8.4 ‐11.0

36 28.35 31.25 30.31 ‐34.8 ‐23.5

37 38.14 41.57 41.58 ‐41.2 ‐41.3

38 164.80 165.35 165.51 ‐6.6 ‐8.5

‐14.9 ‐15.9

9.8 10.6

Measured Water Depth (ft) Water Level Change (inches)
Monitoring 

Well No.

mean water level decline (inches): 

standard deviation:
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The final observation noted above pertains to the WWDC wells.  Note that these wells are 
located down-gradient from the USACE wells, and all are in the vicinity of the spring-line, a 
zone of groundwater discharge shown in Figure 1-11.  Several of these wells (Belvoir No. 1, 
Belvoir No. 2) are subject to seasonal pumping and several others (TH-4, TH-5, TH-6, Belvoir 
No. 5) show the influence of pumping from Belvoir No. 1.  The effects of pumping make it 
difficult to draw general conclusions regarding aquifer response in this part of the study area, 
other than the observation that these wells are connected hydrologically.  It is noted however, 
that during periods of non-pumping (September 07 to March 08), some wells show decreasing 
water levels (TH-4 and Belvoir No. 5), some show relatively small increases in water levels (TH-
5 and Belvoir No. 2), and some show little or no change (TH-6 and Belvoir No. 1).  It can be 
concluded that both recharge and groundwater depletion processes were active over the 
monitoring period, but our limited knowledge of the site-specific geology makes it difficult to 
distinguish the factors causing a net increase or decline in the water table.  There is no clear 
evidence of an overall increase or decrease for the entire area, such as was observed in the area 
covered by the USACE wells.      
 
A comparison of the well monitoring data from the USACE wells and data from the WWDC 
wells leads to the conclusion that the portion of the High Plains Aquifer corresponding to the 
USACE wells has been an area of groundwater depletion during the monitoring period, while the 
portion of the aquifer corresponding to the WWDC wells is difficult to assess, because of 
interference from pumping and contradictory observations from the smaller number of wells in 
this area.  Several wells show evidence of net groundwater increase during periods of non-
pumping, but the monitoring period is too short and data are insufficient to support a strong 
conclusion. 
 
In summary, this chapter describes a program of well monitoring that is considered to be an 
essential component of any study aimed at understanding the overall behavior of the High Plains 
Aquifer on the Belvoir Ranch.  Measured water levels in wells clearly show that portions of the 
aquifer have undergone groundwater depletion in recent years, specifically in the higher 
elevation areas in the vicinity of the former missile sites.  These observations show that 
groundwater movement from this area exceeds recharge from natural sources.  Estimates of 
recharge, which are the objective of this study, must be consistent with the observed changes in 
water elevations reported in this chapter. 
 
 
 
 
 
 
 
 
 
 
 
 
 



49 
 

CHAPTER 4 

WATER MASS BALANCE MODELING 

This chapter describes the application of a computer program that employs a water mass balance 
approach to simulate atmospheric and hydrologic processes that control recharge at the study 
area as a result of atmospheric precipitation.  
 
 
4.1  COMPUTER PROGRAM SWAT 

 
The program selected for this part of the study is “Soil and Water Assessment Tool”, or SWAT.  
The program was developed for the U.S. Department of Agriculture as a tool for predicting the 
impacts of land management practices on watersheds.  Program documentation is provided in 
Neitsch et al. (2005).  SWAT provides the ability to model hydrologic processes as well as 
transport modeling, making it useful for predicting the fate of pesticides, nutrients, bacteria, and 
a variety of contaminants.  Erosion caused by irrigation and precipitation can also be modeled.  
For this study, however, SWAT was selected and used strictly for estimating potential 
groundwater recharge through a mass balance approach.  The primary input consists of daily 
precipitation.  Based on user-specified soil properties, ground cover, temperature, topography 
and other parameters, the program predicts runoff, evapotranspiration, and infiltration into the 
ground.  From these data, the model can be used to estimate the amount of water that will reach 
the groundwater table over any specified time period.  The following sections provide an 
overview of the water budget calculations incorporated into SWAT and how the model was used 
in this study. 

 
4.1.1  Model Description 

 
The basic water mass balance equation, as incorporated into the program SWAT, is: 
 

 



n

i
gwseepasurfdayot

1

QWEQRSWSW
     (4-1)

 

 
in which:  
 
SWt = final soil water content (mm) Ea = evapotranspiration (mm) 
SWo  = initial water content (mm)  Wseep  = water entering vadose zone (mm) 
Rday  = precipitation (mm)   Qgw  = return flow (mm) 
Qsurf  = surface runoff (mm)   i  = index, days 
t  = time in days  

 
In Equation 4-1 and subsequent equations in this chapter, all of the quantities pertaining to water 
content or amount of water are expressed in units of length (millimeters).  Physically, this 
represents the height of water in a unit volume of soil (one cubic millimeter).   
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Daily precipitation (Rday) is the input parameter that drives the hydrologic processes.  For this 
study, input values of daily precipitation are based on measurements at three meteorological 
stations on the Belvoir Ranch.  Weather input is discussed further in Section 4.2.4. 
 
Surface runoff (Qsurf ) is calculated using the empirical SCS curve number method (USDA 
1972):  
 

 
 SIR

IR
Q

aday

aday
surf 




2

        (4-2)
 

 
where Ia = the initial abstraction including infiltration, interception, and free surface storage (mm 
H2O).  S is a retention parameter (in mm H2O) and is calculated separately using the following 
equation:  
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         (4-3)

 

 
where CN = dimensionless curve number assigned on the basis of soil type and land use factors.  
The curve number method is built into SWAT.  The value of Ia is approximated as 0.2S, so the 
final runoff equation is: 
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         (4-4)
 

 
Runoff occurs on days for which precipitation exceeds the initial abstraction (Rday > Ia). 

 
Evapotranspiration (Ea) includes all processes that transport water from the ground surface into 
the atmosphere, including plant transpiration, evaporation of surface and soil water, and 
sublimation of snow.  SWAT calculates both potential evapotranspiration (PET) and actual 
evapotranspiration (ET).  PET is the amount of evapotranspiration that could potentially occur on 
a soil surface with uniform vegetation and an unlimited supply of water.  SWAT incorporates 
several methods for calculating PET; the method utilized for this study is the Penman-Monteith, 
which is the most reliable approach provided that information is available on wind speed, solar 
radiation, or relative humidity (these data were available for the study area). 

 
Actual evapotranspiration (ET) is calculated as the summation of the following three 
components: 
 

1. Evaporation of water on the plant canopy 
2. Maximum transpiration, sublimation, and soil evaporation 
3. Actual sublimation and soil evaporation 
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Sublimation occurs only when snow is present, while soil evaporation occurs only when snow is 
not present.  For more detailed descriptions of the equations and parameters used to calculate 
evapotranspiration, the reader is referred to Neitsch et al. (2005). 
 
The remaining parameters in Equation 1, Wseep and Qgw, are associated with groundwater flow.  
SWAT calculates these parameters in several steps.  Groundwater flow occurs only when the soil 
is saturated.  When the soil is unsaturated, water is assumed to be distributed uniformly 
throughout the soil layer, thus eliminating unsaturated flow (zero gradient).  A soil is considered 
to be saturated when the moisture content is at or above field capacity.  Field capacity is defined 
as the moisture content of a soil that has been thoroughly wetted and allowed to drain under 
gravity for two days.  Quantitatively, field capacity is defined as the amount of water a soil 
retains under a tension (soil suction) of 0.033 MPa.  In the program, field capacity is calculated 
by the following equation: 
 

 AWCWPFC           (4-5) 

 
where FC = field capacity, WP = wilting point, and AWC = available water capacity of the soil.  
AWC values are input by the user for each soil.  The wilting point is defined as the water content 
of the soil at which plants will wilt and not recover.  Quantitatively, wilting point is defined as 
the amount of water retained by the soil under a tension of 1.50 MPa and in SWAT is calculated 
by the following equation: 
 

1000
40.0 bc pm

WP 
         (4-6)

 

 
where mc = percent clay content of the soil and b = bulk density (g/cc).  Values of both 
parameters are specified by the user, based on soil type. 

 
Water will percolate through the vadose zone if the water content of the soil exceeds its field 
capacity.  Water percolates through the bottom of the soil layer, into the vadose zone, and then 
into the shallow aquifer.  Over long periods of time, percolation is assumed equal to the 
groundwater recharge into the shallow aquifer.  Percolation is calculated by the following 
equation: 
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       (4-7)

 

 
in which wperc = amount of water percolating out of the bottom of the soil layer (mm), SWexcess = 
amount of water in the soil minus the field capacity (mm), t = time step (hours), and TTperc = 
travel time for percolation (hours).  TTperc is given by: 
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         (4-8)
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where SAT = amount of water in the soil layer when it is completely saturated (mm), FC = field 
capacity of the soil (mm), and Ksat = saturated hydraulic conductivity of the soil (mm/hr).  
Saturated hydraulic conductivity is specified by the user for each soil. 

 
Water entering the groundwater system can have many fates: remain in the aquifer, discharge 
into the main channel, travel upward into the capillary fringe, or travel downward into deeper 
aquifer units.  SWAT models each of these by first dividing the aquifer into two units: (1) a 
shallow aquifer that is unconfined and (2) a deeper aquifer that is confined.  The following 
expression defines the water balance for the shallow aquifer: 
 

shpumprevapgwshrchrgishish wwQwaqaq ,,1,,        (4-9)
 

 
where aqsh,i  = water stored in the shallow aquifer on day i, aqsh,i-1  = water stored in the shallow 
aquifer on day i-1, wrchrg,sh = recharge entering the shallow aquifer on day i, wrevap = water 
entering the vadose zone on day i, and wpump,sh = water pumped from the shallow aquifer on day 
i.  All of the above quantities are given in units of millimeters. 

 
Water that percolates into the vadose zone is assumed to be the source of groundwater recharge.  
However, there can be a time delay between entering the vadose zone and aquifer recharge.  
SWAT accounts for the delay as follows: 
 
 

            , 1 · · ,    (4-10) 

 
where wrchrg,i  and wrchrg,i-1 = amount of recharge entering the aquifer on day i and day i-1, 
respectively (mm), and gw = drainage time of overlying geologic formations (days).   

 
A fraction of the total recharge reaches the deep aquifer and is calculated by: 
 
         (4-11) 

 
where wdeep = amount of water moving into the deep aquifer on day i (mm), and deep = aquifer 
percolation coefficient.  Water remaining in the shallow aquifer is the difference between the 
total recharge and the water entering the deep aquifer. 

 
Groundwater may also be lost from the aquifer to a nearby channel, a process referred to as base 
flow.  Base flow is initiated when the amount of water in the aquifer exceeds a threshold value 
and is calculated as follows: 
 

 
· ·         (4-12) 

 
 
where Qgw = base flow on day i (mm), Lgw = distance to the main channel (m), and hwtbl = height 
of the water table (m).  
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Groundwater may also move back into the vadose zone due to water deficits.  This is denoted as 
“revap” by SWAT in order not to confuse it with evapotranspiration processes.  Revap occurs 
only if the amount of water stored in the aquifer exceeds a threshold value.  The maximum 
amount of revap on a given day is calculated by: 
 
 . ·          (4-13) 

 
where wrevap.mx = maximum amount of water that can be removed from the aquifer via revap on 
day i (mm), rev = revap coefficient, and Eo = potential evapotranspiration (PET) on day i (mm).   
 
 
4.2  IMPLEMENTATION OF SWAT FOR THE BELVOIR RANCH STUDY AREA 
 
A model of the Belvoir Ranch study area was created and executed using the program SWAT 
and its GIS interface, ArcSWAT.  An outline of the major steps involved in creation of the 
model is presented below.  This is followed by a brief description, for each step, of the 
information required as input, sub-steps and essential elements of the analysis performed, and 
representative output of each step. 
 

 Digital Elevation Model 
 Watershed Delineation 
 Define Hydrologic Response Units (HRU’s) 
 Weather Input 

 
 
4.2.1  Digital Elevation Model 

A digital elevation model, or DEM, is a mathematical representation of the three-dimensional 
ground surface.  The U.S. Geological Survey operates the National Elevation Dataset as a free 
online source of files that can be used to establish terrain models (USGS 2008).  Files covering 
the Belvoir Ranch study area were downloaded from this site and the resulting DEM is shown in 
Figure 4-1.  The DEM data set consists of location and elevation attributes (x, y, and z 
coordinates) of equally sized cells.  To generate the image, the data are presented in a raster 
format, which is a rectangular grid of pixels.  Each pixel corresponds to one 30 m by 30 m cell, 
providing a resolution of one arc-second.  Each pixel has an individually defined color (or shade) 
based on its elevation, producing the shaded elevation model shown in the figure.  The Belvoir 
Ranch study area is outlined in red. 
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Figure 4-1.  Digital Elevation Model (DEM) of the Project Area 

 
 
4.2.2  Watershed Delineation 
 
Watershed delineation consists of separating the ground surface into streams and catchments.  
This delineation is based on evaluation of surface water flow under gravity.  Starting with the 
basic geometric unit in the digital elevation model (30 m x 30 m cell), the program determines 
the direction of flow based on elevation differences between adjacent cells.  This information is 
used to establish an overall surface water flow pattern for the entire area, through a series of 
analysis steps described below.  The subroutine in SWAT that performs watershed delineation is 
Arc Hydro.  The sub-steps include the following: 
 

 establish a Flow Direction grid (FDR) 
 establish a Flow Accumulation grid (FAC) 
 definition and segmentation of streams 
 define catchments 
 raster to vector conversion 

 
 
Flow Direction Grid (FDR).  In the DEM, each cell is surrounded by eight other cells, each 
having assigned location and elevation attributes.  Arc Hydro employs the “eight pour-point 
model” (Maidment 2002) to establish the flow direction.  Figure 4-2 illustrates the concept.  
From the center cell (elev = 44), water can only flow into cells with lower elevations, in this case 
directly east (elev = 37) or southeast (elev = 22).  Arc Hydro will assign the flow direction based 
on the steepest downward gradient.  Gradient calculations are made between the center cell and 
the cells to which flow can occur.  For example, for the east and southeast cells of Figure 4-2:  
 

East: 
7

1

)4437(




   Southeast:
56.15

2

4422




 



55 
 

 
Figure 4-2.  Flow Direction Calculation Example (Maidment 2002) 

 
In this example, the highest gradient is toward the southeast cell, therefore, the flow direction is 
assigned as southeast.  Arc Hydro performs this analysis for every cell starting from the highest 
cells and working its way down the DEM grid.  Each cell is assigned one of the eight values 
shown in Figure 4-3 corresponding to the flow direction determined for that cell.  The Flow 
Direction grid (FDR) is a graphical representation of the result in which each cell is assigned a 
color corresponding to one of the eight flow directions   The resulting FDR for the Belvoir 
Ranch is shown in Figure 4-4. 

 

 

Figure 4-3.  Flow Direction According to Assigned Number (Maidment 2002) 
 

 
 

Figure 4-4.  FDR for the Belvoir Study Area 
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Flow Accumulation Grid (FAC).  Using results of the FDR grid, Arc Hydro calculates the FAC 
by assigning to each cell the number of cells that drain into it (not including the cell itself), as 
illustrated in Figure 4-5.  After performing this analysis for all cells, the data are represented 
graphically (using the DEM as a basemap) in the form of a contour diagram of flow 
accumulation, as shown in Figure 4-6. 
 
In addition to its use for hydrologic modeling, the FAC grid provides a visual representation of 
the surface drainage pattern.  As can be observed in Figure 4-6, the FAC grid for the study area 
shows the development of drainage pathways and streams on the Belvoir Ranch.  The main 
drainages coincide with Lonetree, Goose, and Duck Creeks, thus providing validation of the 
watershed delineation model in SWAT. 
 
 
 

 
 

Figure 4-5.  Calculations that Determine Flow Accumulation (Maidment 2002) 
 
 
 
 

 
 

Figure 4-6.  Flow Accumulation Grid (FAC) for the Belvoir Study Area 
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Stream Definition and Segmentation.  The criterion for defining a cell as a “stream” is based on 
its FAC value.  Cells having a FAC value at or above a user-specified threshold are defined as 
stream cells.  The threshold used for this model was one percent of the cells of the grid.  This 
means that if a grid has 10,000 cells, the cells with a FAC assignment of 100 or more (i.e., 100 or 
more cells flow into this cell) are considered streams.  Although any threshold value can be used, 
a one percent threshold is sufficient to capture the stream network detail.  For the purpose of 
identifying cells defined as streams in subsequent steps, stream cells are assigned a value of one, 
while cells that are not streams are assigned a value of zero.  Segmentation of the stream network 
defines separate stream links producing a Link Grid (LNK), the purpose of which is to separate 
the study area into more manageable sub-areas.  Arc Hydro separates drainage areas by isolating 
stream branches or segments.  Each stream segment is assigned its own number.   The end of a 
stream segment is where there is a confluence in the stream.  Figure 4-7 shows the LNK for the 
study area.  Each color represents a different stream segment.   
 

 
 

Figure 4-7.  Stream Segmentation (LNK) for the Belvoir Study Area 
 
 
Determination of Catchments.  A catchment is defined in Arc Hydro as the drainage area 
contributing to each assigned stream segment.  Each cell in a catchment is assigned the number 
of that catchment.  This step results in a Catchment Grid Delineation (CAT).  Figure 4-8 shows 
the results of the CAT.  There are 37 sub-basins or catchments for the study area. 
 

 
Figure 4-8.  Catchment Grid Delineation of the Belvoir Study Area 
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Raster to Vector Conversion.  This step involves converting the results of the previous watershed 
delineation steps from raster graphics to vector graphics.  In the previously described steps, 
surface hydrologic characteristics are represented graphically in raster format, consisting of 
individual pixels.  A vector is a mathematical description of an object such as a point, a line, or a 
polygon.  Three types of raster-to-vector conversion are performed in Arc Hydro, resulting in the 
following three types of geometric objects:  (1) Catchment Polygons, (2) Drainage Lines, and (3) 
Drainage Points.  The catchment polygons are generated by vectorization of the catchment grid 
(shown in Figure 4-8 as a raster image).  Drainage Lines are generated by converting the stream 
segments from raster to vector.  Drainage Points are defined as the outlets of each catchment, and 
these identify the locations where a stream (Drainage Line) flows out of an elementary watershed 
(Catchment Polygon).  Figure 4-9 shows the final result of Watershed Delineation, consisting of 
vectorized drainage shapes that have been calculated from the original DEM. 
 
 
 
 

 
 

Figure 4-9.  Vectorized Image of the Study Area Watershed 
 
 
4.2.3  Hydrologic Response Units 
 
The next step in model generation is to define hydrological response units (HRUs).  HRU’s are 
the basic computational units in SWAT, that is, in the analysis portion of SWAT, mass balance 
calculations are performed for each HRU.  The numerical results from analysis of each HRU are 
summed to determine results for each sub-basin; results for each sub-basin are then summed to 
obtain results for the entire area being analyzed.   
 
Division of the domain into HRU’s is also the feature that allows the model to account for site 
heterogeneity.  Each HRU is defined on the basis of its unique combination of land use, soil 
properties, and slope classification.  A series of data files containing information on land cover 
and soil types are imported and overlain on the watershed map of the study area.  Slope 
characteristics are calculated from the digital elevation model.   The program then divides each 
sub-basin into a finite number of HRU’s.  This is done by assigning threshold values to soil, land 
use, and slope characteristics. To illustrate, say a sub-basin has two land use types:  (1) range 
grasses which takes up 95 percent of the land and (2) ponderosa pine which takes up 5 percent.  
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If the threshold value is set to 20 percent, the analysis results in a single HRU in the sub-basin 
consisting of range grasses.  A similar analysis is applied to both soil type and slope 
classification.  The threshold values used for this study were 20 percent for land use, 10 percent 
for soil type, and 20 percent for slope.  These are the default settings recommended by the 
ArcSWAT manual (Winchell 2008). 
   
Land use is defined in terms of the dominant plant species.  The type of vegetative land cover is 
used to predict canopy interception and transpiration.  For this study land use data were obtained 
by downloading files available from the WyGISC data server (Analysis 1996).  Figure 4-10 
shows the land covers used in the model.  The designations in Figure 4-10 are: AGRC: 
agricultural close grown; AGRL: general agriculture;  RNGE: range grass;  SGPR: Wyoming 
Sagebrush;  MESC: Mesic brush;  XERC: Xeric brush;  RNGB: other range brush;  PINE: 
Ponderosa Pine. 
 
Soil properties are a critical consideration in the water budget analysis, because they exert 
significant influence on calculated values of infiltration, percolation, groundwater recharge, soil 
moisture, and evaporation from the soil surface.  Soil types in the study area were based on 
Wyoming Soil Survey maps published by the National Resource Conservation Service (NRCS).  
These maps are available in digital format as shape files that can be downloaded and overlain on 
the study area map (Munn 1999).  Figure 4-11 shows the resulting soil distribution map for the 
area covered by this study.  Data provided for each soil type include values of the following 
parameters:  saturated hydraulic conductivity, bulk density, available water content, depth, root 
depth, hydrologic group, and percentage of sand, rock, silt, and clay.  Although Figure 4-11 
indicates 29 different soils, there were actually 15 separate soil types and the others are 
duplicates. 
 
 

 
 
 

Figure 4-10.  Land Cover Map 
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Figure 4-11.  Map of Soil Types for Project Area 
 
 
Slopes are classified in terms of topographic gradient (percentage).  The user can define slope 
categories by specifying the number of categories and a range of gradient values for each 
category.  Slope gradients in the study area range from zero to 82.6 percent.  The mean slope is 
7.0 percent and the median slope is 5.4 percent.  Considering the large range of slope gradients, 
two classes were defined.  The first class includes slopes from zero to 10 percent.  The second 
class includes slopes exceeding 10 percent.  Figure 4-12 shows the spatial variation in slopes. 
 
Based on land use, soil type, and slope class, the program then divides each sub-basin into 
individual HRU’s, using the procedure described above, based on threshold percentage 
differences.   Figure 4-13 shows the resulting map of HRUs developed for the project area.  
Although Figure 4-13 shows 848 individual HRUs, the actual number used in the analysis phase 
of the program is 220, based on the threshold values stated previously for defining HRU’s.   
 
 
 
 

 
 

Figure 4-12.  Slope Class and Spatial Distribution 
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Figure 4-13.  HRU Delineation of the Study Area. 
 
 
 
 
4.2.4  Weather Input 
 
Weather input parameters include daily values of: minimum and maximum temperature, 
precipitation, relative humidity, wind speed, and solar radiation.  Most of the weather data were 
obtained from three meteorological (MET) stations on the Belvoir Ranch.  The stations are 
designated as (1) Base, (2) Landfill, and (3) Ranch.  Figure 4-14 shows the MET station 
locations.  The Base MET station is the northwest circle, Landfill is the southwest circle, and 
Ranch is the east station.  At each station, recorded measurements include: temperature hourly in 
Fahrenheit, daily precipitation in inches, relative humidity as a percentage, and wind speed in 
mph.  Temperature data were converted to degrees Celsius, precipitation was converted to 
millimeters, and wind speed was converted to meters per second to input into the model. 
 
When precipitation collected during winter months by the rain gages is in the form of snow, it 
often blows out of the gages, significantly underestimating precipitation (Dayweather 2005-
2008).  Snowmelt in the spring is a significant source of moisture in the semi-arid Wyoming 
environment.  To address this issue, two gages outside the study area were used to estimate 
winter precipitation.  The first is a SNOTEL station located near Buford at Crow Creek (USDA 
2008).  The station is located west of the Belvoir Ranch and was used to estimate the 
precipitation data for the Base and Landfill MET stations.  The second is the weather station 
located at the Cheyenne Airport (NOAA 2008).  The station is east of the study area and was 
used to estimate precipitation at the Ranch MET station.  These alternate data were used for the 
months of October through April.  These months were chosen because the report for the Belvoir 
MET stations reported significant precipitation differences for these months.  May through 
September precipitation was estimated using the original MET stations in the study area. 
 
Solar radiation is required to estimate evapotranspiration.  None of the MET stations on the 
ranch record this parameter.  The closest station that has solar radiation data is located in 
Cheyenne (NREL 2007).  This database was used to estimate the daily solar radiation.  This 
database is only updated from 1998 through 2005 and therefore does not cover the entire 
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modeling period.  To overcome this, a daily average was taken for the available eight years and 
used as the solar radiation input.  This average is not perfect but is more accurate than using the 
weather generator in the SWAT model.  The same solar radiation data were used for all three 
MET stations on the ranch. 
 
 

 
 

Figure 4-14.  MET Station Locations 
 
 
4.3  CALIBRATION 
 
An effort was made to conduct a partial calibration of the SWAT model.  This was done by 
comparing changes in groundwater elevations predicted by the model to observed changes in 
water elevations at the 43 monitoring wells described in Chapter 3.  An increase in water level at 
a monitoring well was interpreted as recharge at that location.  Values of soil parameters were 
then adjusted to yield predicted recharge values that were within the range of the field 
observations.  Soil parameters that were adjusted include saturated hydraulic conductivity, 
available water capacity, and SCS curve number.  All of the adjusted values were kept within a 
range that would be realistic and reasonable for the soil type, and that were within the ranges 
given by the Soil Conservation Service.  In the program output, recharge corresponds to change 
in water level multiplied by the available water capacity of the soil.  For example, if the water 
level increased by 10 mm and the available water capacity range is 0.05 to 0.20 (volume of water 
per unit volume of soil), the range of recharge would be 0.50 to 2.00 millimeters.   Soil 
properties corresponding to each HRU were adjusted (calibrated) so modeled recharge was 
within the range of the observed recharge.  In addition, the groundwater delay in days was 
adjusted so that the timing of model recharge was similar to observed recharge. 
 
The ‘calibration’ as described above has some obvious shortcomings.  The most significant is 
that, as discussed in Chapter 3, the hydrogeology of the study area is complex and changes in 
water levels in some of the observation wells are most likely controlled by processes that are 
highly localized and not accounted for properly in the SWAT model.  Some monitoring wells 
show rapid response to surface precipitation while other zones show little or no response.  Some 
wells exhibit increases in water level that far exceed what would be expected based on surface 
precipitation only.  Factors that might explain these observations include the possibility of 
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recharge from deeper aquifers (e.g., Casper Formation), channeling of groundwater into zones of 
high permeability, non-uniform subsurface seepage (fractured flow), recharge from surface 
streams, and other processes that cannot be modeled adequately given our current level of 
understanding of subsurface conditions at the study site.  Despite these sources of uncertainty, 
data from well monitoring are the only available “ground truth” against which the SWAT model 
results can be compared.  It is the authors' opinion that the soil parameters should be adjusted to 
show reasonable agreement with field observed water fluctuations. 
 
 
4.4  MODELING SCENARIOS  

Two types of analyses were conducted using the program SWAT.  The first involved application 
of weather conditions measured at the study area and described above in Section 4.2.4.  The time 
period over which this analysis was conducted corresponds to August 2005 through April 2008.  
In the second analysis, SWAT was used to simulate 10-year periods during which annual 
precipitation was selected to represent a range, from ‘dry’ conditions to ‘wet’ conditions.  For 
each 10-year period, annual precipitation was the same for all 10 years.  The objective was to 
estimate the steady-state recharge that would be expected over the range of annual precipitation 
that might be expected in the study area.  Annual precipitation was distributed on a monthly 
basis, using historical records.  From the results of these analyses, an empirical equation is 
derived to predict expected recharge from annual precipitation. 
 

 
4.4  RESULTS 
 
4.4.1  Weather Simulation August 2005 – April 2008 
 
The program output consists of values of all soil moisture parameters, on a daily basis, for each 
Hydrologic Response Unit (HRU).  The parameter of greatest interest for this study is wrchrg,i the 
recharge water on day i.  Daily values of recharge are summed to provide monthly recharge 
values.  Appendix C presents monthly estimates of recharge as calculated from the SWAT 
results, using weather input as described in Section 4.2.4.  The results in Appendix C are limited 
to the HRU’s in which monitoring wells are located, and the wells associated with each HRU are 
identified in the table.  Complete results for all of the 220 HRU’s are too extensive to present in 
this report; interested parties may obtain the full set of results in digital format from the 
Wyoming Department of Environmental Quality.  All values in the table are given in millimeters 
(mm) of water, which are the units used in SWAT. 
 
Figures 4-15 and 4-16 illustrate typical recharge behaviors for selected HRU’s.  Figure 4-15 
shows calculated monthly recharge for HRU’s 20 and 25.  These two HRUs encompass 20 of the 
35 USACE wells and are located in the higher-elevation area of the ranch, in the vicinity of the 
former missile sites.  Both curves show a distinct difference in recharge between 2006 and 2007.  
Total precipitation during 2006 is 338 mm (13.3 inches), while for 2007 is 445 mm (17.5 
inches).  The lower recharge for HRU 25, compared to HRU 20, highlights the effect of ground 
conditions.  While both HRUs are mixed grass prairie (land use) and both are less than 10 
percent slope, the soil in HRU 20 is assigned a lower SCS curve number than the soil in HRU 25 
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(71 compared to 75) and the soil in HRU 20 has lower water storage capacity than the soil of 
HRU 25 (.05 compared to .07).  A lower curve number corresponds to less runoff (greater 
infiltration) and lower storage capacity means that downward seepage occurs at lower water 
content.  Therefore, the results illustrated in Figure 4-15, i.e., greater recharge in HRU 20, are 
consistent with the behavior expected, based on land use, topography, and soil characteristics.  
Another behavior illustrated in Figure 4-15 is that some areas undergo zero recharge during some 
parts of the annual cycle.  
 
 
 

 
 

Figure 4-15.  Monthly Recharge Calculated from SWAT for HRU 20 and HRU 25 
 
 
Figure 4-16 shows the predicted recharge behavior (to the same scale as Figure 4-15) in three 
HRU’s located in the area of the WWDC wells, which is at lower elevation and in the vicinity of 
both Lone Tree Creek and the spring-line, where groundwater discharge is observed.  Overall, 
the curves in this figure show recharge that is more evenly distributed over the year than those in 
Figure 4-15, that is, there are no significant spikes as observed in Figure 4-15.  Recharge does 
show seasonal variations, with a gradual increase beginning in the spring, then reaching a 
maximum in late summer (reflecting the time delay for seepage to occur), followed by a gradual 
decrease during the winter.  All three of the curves show higher recharge values during 2007 
than during 2006, correctly reflecting the higher amount of precipitation in 2007.  An overall 
comparison between Figures 4-15 and 4-16 suggests that the higher elevation area around the 
former missile sites exhibits more runoff and greater variability throughout the year in recharge 
rates due to precipitation, compared to the lower elevation area downstream and downgradient.  
These results are consistent with the site topography and surface hydrology on the Belvoir 
Ranch.  Although there is no available evidence to support or verify the specific recharge values 
given by the SWAT analysis, the general behavioral trends are consistent with expectations.  

0

5

10

15

20

25

30

35

40

45

A S O N D J F M A M J J A S O N D J F M A M J J A S O N D J F M A

Recharge (mm)

Date (first  letter of month)

HRU 20

HRU 25

2006 2007 2008



65 
 

 
 

Figure 4-16.  Monthly Recharge Calculated from SWAT for HRU's 50, 54, and 71 
 

 
Finally, Table 4-1 presents weighted averages of groundwater recharge for each year the model 
was run.  Weighting is based on the area of each HRU.  One aspect of recharge suggested by the 
data in Table 4-2 is that recharge is not a linear function of annual precipitation.  For example, 
during the relatively dry year of 2006, estimated recharge is five percent of annual precipitation, 
while for the relatively wet year of 2007, recharge is approximately twelve percent of annual 
precipitation.  This aspect of recharge is explored further in the following section. 
 

 
Table 4-1.  Summary of Modeled Recharge 

 

 
4.4.2  Recharge-Precipitation Relationship 
 
The second type of analysis involved running the program SWAT with assumed precipitation 
patterns selected to approximate upper and lower bounds of annual precipitation.  The objective 
was to establish expected minimum and maximum magnitudes of recharge due exclusively to 
atmospheric precipitation.  A second objective was to establish an empirical relationship between 
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expected recharge and annual precipitation.  To address these objectives, SWAT was executed 
for two weather input scenarios, based on assumed precipitation for ‘dry’ years and ‘wet’ years. 
The average annual precipitation in the study area is 392 mm (15.45 inches/year) (USDOC 
2000).  Dry conditions are assumed to correspond to two-thirds of that amount (263 mm or 10.35 
in/yr) and four-thirds (522 mm or 20.55 in/yr) for a wet year.  The model was executed for each 
condition, over a period of ten years.  Precipitation was applied in one increment each month, 
based on average monthly distributions.  The selection of a ten-year period was intended to 
ensure that steady-state recharge conditions were achieved for each of the precipitation 
scenarios. 
 
In Table 4-2 the results are tabulated in terms of annual precipitation and total recharge, averaged 
over the study area.  Also included are the annual precipitation and recharge for the years 2006 
and 2007 which were presented in the previous section.   

 
 

       Table 4-2.  Recharge and Precipitation Results in SWAT 

 
 

In Figure 4-17, average annual recharge is plotted against annual precipitation.  The relationship 
is clearly non-linear, which is to be expected considering that the mass balance approach 
incorporated into SWAT allows recharge to occur only when the water content in the vadose 
zone exceeds the field capacity.  A best-fit curve using the four data points can be approximated 
well as a parabola and expressed in terms of the following relationship:  
 

0.0012 0.5668 69.761      (4-14) 
 

in which R= recharge and P = precipitation, both in millimeters of H2O.  The curve is show in 
Figure 14-17.  Equation 4-14 represents a first-order attempt to quantify the potential recharge 
possible in the Belvoir Ranch as a function of annual precipitation.  Future research should focus 
on refining this relationship through additional modeling as well as continued field monitoring of 
wells, stream flow, and climatic conditions. 
 
It is noted that Equation 4-14 predicts annual recharge (due to precipitation only) of 32 mm for 
the average annual precipitation of 382 mm (1.25 inches recharge for 15.45 inches precipitation).  
This recharge estimate for average precipitation exceeds the estimated recharge given by earlier 
researchers (Morgan 1942; Foley 1946).  
 
.   
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Figure 4-17.  Relationship Between Annual Precipitation and Recharge 
 

 

4.5  DISCUSSION 
 
The estimates of recharge presented in this chapter are a significant improvement over the 
recharge study done in the 1940's (Morgan 1942; Foley 1946).  Modeling by a mass balance 
approach as incorporated into the program SWAT provides a dynamic estimate of recharge while 
taking site heterogeneity into account.    However, modeling of a complex site using computer 
simulations such as described herein also has several limitations.  The program SWAT was 
applied in this study to predict groundwater recharge occurring from infiltration only.  The 
program does not provide a robust analysis of 2-dimensional or 3-dimensional groundwater flow 
(nor was it intended to do so).  While SWAT does offer the capability to account for removal of 
water by pumping, pumping data were not incorporated into this study.  Future studies could 
potentially use this information if it is available.  Finally, the water level observations against 
which the model was calibrated were taken for a short period of time relative to the time scale 
over which groundwater processes occur.  This limitation can only be addressed by continued 
groundwater level monitoring over a longer period of time. 
 
Despite its limitations, modeling by SWAT or other similar programs provides potentially 
valuable information.  The model accounts for the fundamental processes controlling infiltration 
and subsequent one-dimensional movement of water in the subsurface environment.  Climatic 
factors, especially precipitation, are based on direct measurements made on the study site.  
Heterogeneity in soil properties, topography, and land use can be accounted for properly, 
depending upon the degree to which they are known.  The results of this study demonstrate the 
ability of the model to estimate recharge on a daily, monthly, or annual basis. 
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CHAPTER 5 

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

5.1  SUMMARY 
 
A study was undertaken to evaluate groundwater recharge on the Belvoir Ranch in southeastern 
Wyoming. Chapter 1 provides the background information, including the need for a recharge 
study.  Recharge is a fundamental hydrologic process and the ability to quantify recharge enables 
planners and other officials to assess the impacts of groundwater development, groundwater 
contamination, and remediation strategies.  Chapter 1 also provides an overview of the geologic 
setting of the study area, where the High Plains Aquifer is present in the Tertiary Ogallala and 
White River Formations. 
 
Chapter 2 is a literature review of methods for estimating groundwater recharge.  Based on this 
review, the approach deemed to be most appropriate for initiating a recharge study on the Belvoir 
Ranch is a combination of field monitoring of groundwater levels and computer modeling of 
one-dimensional infiltration of atmospheric precipitation into the subsurface.  The computer 
modeling effort was undertaken because precipitation is one of the major sources of recharge, 
although not the only source.  Chapter 3 describes the field study, involving monitoring of water 
levels in two groups of wells.  One group of 36 wells installed by the U.S. Army Corps of 
Engineers and a second group of 8 wells owned by the City of Cheyenne were monitored.  
Chapter 4 describes the computer modeling study.  The program SWAT (Soil and Water 
Assessment Tool) analyzes recharge due to atmospheric precipitation by accounting for 
processes at the ground surface, including runoff, evapotranspiration, infiltration, storage, and 
downward seepage, through a mass balance approach.  Existing data on topography, vegetative 
cover, land use, and surficial soil deposits were used to create a spatial model of the Belvoir 
Ranch for analysis by SWAT.  Weather conditions measured at field sites were used as model 
input.  In addition, hypothetical ‘dry’ and ‘wet’ conditions were modeled to assess likely upper 
and lower bounds on recharge due to precipitation.  Limitations of the well-monitoring program 
and of the computer model are identified and discussed.    
 
 
5.2  RESULTS AND FINDINGS 

 
Monitoring of water levels in wells provides real-world, real-time information on aquifer 
behavior at specific locations.  The most significant observation from the wells monitored for 
this study is that water levels exhibited wide variations in both magnitude and time, between 
individual wells, some of which are in close proximity.  This observation is not surprising and 
simply reflects the complex geologic factors controlling groundwater behavior in this area.  
However, this observation leads to the conclusion that water level measurements made at an 
individual well are not necessarily representative of the surrounding area, but only an indication 
of the geologic and groundwater conditions at that well.  Despite this limitation monitoring of the 
wells provided useful insights into groundwater behavior on the Belvoir Ranch. 
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Monitoring of the USACE wells shows that the portion of the High Plains Aquifer in which these 
wells are located has been an area of groundwater depletion during the monitoring period.  For a 
one-year period from May 2007 to May 2008, the average decline was 15 inches (381 mm).  The 
exact causes of decline are not known, but it is obvious that groundwater depletion exceeds 
recharge in this part of the study area, at least over the timeframe considered.  Some of the 
USACE wells were installed as early as 2003 and measured water levels from that time period 
also support the general observation that groundwater levels have been decreasing  
 
The eight WWDC wells, located at lower elevations and to the east of the USACE wells, are 
affected by seasonal pumping and show widely varying fluctuations in water levels.    Several 
wells show evidence of net groundwater increase during periods of non-pumping, but the 
monitoring period is too short and data are insufficient to support a strong conclusion. 
 
The program SWAT provides a powerful tool for modeling of surface infiltration and recharge.  
Development of a site model for the Belvoir Ranch was accomplished as part of this study.  The 
strength of this type of analysis lies in its ability to simulate, in a rational manner, the physical 
processes controlling groundwater replenishment by rain and snow.  Weather parameters such as 
temperature, precipitation, and solar radiation are taken into account, as well as soil properties, 
slope of the ground surface, and vegetative cover.  In this study, results of multiple analyses 
using SWAT were used to develop an empirical relationship between annual precipitation and 
the amount of recharge that is likely to occur.  The relationship, given by Equation 4-14 and 
shown in Figure 4-17, is non-linear and demonstrates that recharge can be as low as a few tenths 
of an inch during dry years and as high as several inches for wet years.  Recharge is not a 
constant as suggested in earlier studies, although a long-term average can be estimated if an 
average annual precipitation is assumed.  For the long-term average precipitation of 15.45 
inches, this study suggests an average recharge of approximately 1.25 inches.  
 
Modeling of recharge using SWAT or other similar analyses does not account for recharge from 
other sources, nor does it account for the complex flow of groundwater in the subsurface.  
Possible additional sources of recharge on the Belvoir Ranch include the streams crossing the 
site from west to east and which originate in the higher elevation areas west of the ranch in the 
Laramie Range.  These include Lone Tree, Willow, Goose, Duck, and Spottlewood Creeks.  As 
noted in Chapter 1, all of these creeks become ephemeral once they flow over the Ogallala 
Formation.  Also, Lone Tree Creek exhibits a sink to the west of the study area then re-emerges 
at the spring line.  The amount of recharge provided by these creeks is not known, but could be 
significant and should be the focus of further study.  Additionally, it is possible that groundwater 
in adjacent or underlying formations, in particular the Casper Formation, may interact with the 
High Plains Aquifer.  This possibility warrants further consideration and investigation.     
 
Groundwater flow in the saturated and unsaturated zones of the subsurface has a dominating 
influence on water elevations, discharge volumes, locations of productive wells, and all aspects 
of the geohydrology of the High Plains Aquifer.  A robust model of 2-dimensional or 3-
dimensional groundwater flow is beyond the scope of this study, but should be considered as the 
long-term objective of groundwater studies in this area.  Recharge occurring by precipitation, as 
modeled by SWAT, is an important component of an overall model, and this study represents an 
important first step in that direction. 
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5.3 RECOMMENDATIONS 
 

The work described in this report constitutes an important first step in providing reliable, 
quantitative estimates of groundwater recharge on the Belvoir Ranch.  The following additional 
steps are recommended as a continuation of the present study, with the ultimate goal of 
predicting recharge from all potential sources. 
 
Field Activities: 
 

 Regular monitoring of water levels in existing wells; consider adding data loggers to the 
USACE wells to facilitate more frequent monitoring 

 Initiate monitoring of new wells and existing wells that were not accessible for this study 
 Consider a tracer study to determine the degree of interaction between water entering the 

sink of Lone Tree Creek and the High Plains Aquifer 
 Install and monitor additional stream flow gages and evaluate the potential recharge from 

streams, especially Lone Tree Creek 
 Install gages for monitoring snow levels during winter months 

 
 
Analytical Studies:   
 
Use of the computer program SWAT as described in this report represents a good start.  A great 
deal of effort went into establishing a model of the site, in terms of topography, land use, and soil 
types.  Additional analyses can provide more in-depth information about the range of recharge 
from precipitation.  In particular, more rigorous statistical methods can be used to characterize 
the variability and uncertainty of the input parameters, including weather and soil properties.  
Running the program for a wider range of parameters can be used to establish the reliability of 
prediction equations for recharge.  The modeling should be expanded to account for groundwater 
withdrawal by pumpng.    
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APPENDIX A 

WELL MONITORING DATA, USACE WELLS 

 
Results of monitoring for the 35 wells installed by the U.S. Army Corps of Engineers on the 
Belvoir Ranch are tabulated in this appendix.  For each well, a summary table and a graph are 
presented.  The summary table includes information about the well, specifically the top and 
bottom elevations of the casing and the top and bottom elevations of the screen.  The table also 
includes the dates on which readings were obtained and the resulting depth to water and water 
elevations.  Each graph shows the groundwater elevation versus time (by date).  For reference, 
the top and bottom elevations of the screen are also shown on the graphs. 
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    Table A-36.  Monitoring Results, Well MW01 

 

Figure A-1.  Groundwater Elevation versus Date of Reading, MW01  
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      Table A-37.  Monitoring Results, Well MW02 

 

Figure A-2.  Groundwater Elevation versus Date of Reading, MW02  
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       Table A-38.  Monitoring Results, Well MW03 

 

Figure A-3.  Groundwater Elevation versus Date of Reading, MW03 
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 Table A-39.  Monitoring Results, Well MW04 

 

Figure A-4.  Groundwater Elevation versus Date of Reading, MW04  
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       Table A-40.  Monitoring Results, Well MW05 

 

 

Figure A-5.  Groundwater Elevation versus Date of Reading, MW05  
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      Table A-41.  Monitoring Results, Well MW06 

 

Figure A-6.  Groundwater Elevation versus Date of Reading, MW06  
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       Table A-42.  Monitoring Results, Well MW07 

 

Figure A-7.  Groundwater Elevation versus Date of Reading, MW07 
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  Table A-43.  Monitoring Results, Well MW08 

 

Figure A-8.  Groundwater Elevation versus Date of Reading, MW08 
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  Table A-44.  Monitoring Results, Well MW10 

 

Figure A-9.  Groundwater Elevation versus Date of Reading, MW10 
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           Table A-45.  Monitoring Results, Well MW11 

 

Figure A-10.  Groundwater Elevation versus Date of Reading, MW11 
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            Table A-46.  Monitoring Results, Well MW12 

 

Figure A-11.  Groundwater Elevation versus Date of Reading, MW12 
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       Table A-47.  Monitoring Results, Well MW13 

 

Figure A-12.  Groundwater Elevation versus Date of Reading, MW13 
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         Table A-48.  Monitoring Results, Well MW14 

 

Figure A-13.  Groundwater Elevation versus Date of Reading, MW14  
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         Table A-49.  Monitoring Results, Well MW15 

 

Figure A-14.  Groundwater Elevation versus Date of Reading, MW15  
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        Table A-50.  Monitoring Results, Well MW16 

 

Figure A-15.  Groundwater Elevation versus Date of Reading, MW16  
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       Table A-51.  Monitoring Results, Well MW18 

 

Figure A-16.  Groundwater Elevation versus Date of Reading, MW18 
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 Table A-52.  Monitoring Results, Well MW19 

 

Figure A-17.  Groundwater Elevation versus Date of Reading, MW19 
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         Table A-53.  Monitoring Results, Well MW20 

 

Figure A-18.  Groundwater Elevation versus Date of Reading, MW20 
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         Table A-54.  Monitoring Results, Well MW21 

 

Figure A-19.  Groundwater Elevation versus Date of Reading, MW21 
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           Table A-55.  Monitoring Results, Well MW22 

 

Figure A-20.  Groundwater Elevation versus Date of Reading, MW22
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        Table A-56.  Monitoring Results, Well MW23 

 

Figure A-21.  Groundwater Elevation versus Date of Reading, MW23 
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         Table A-57.  Monitoring Results, Well MW 24 

 

Figure A-22.  Groundwater Elevation versus Date of Reading, MW24  
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           Table A-58.  Monitoring Results, Well MW25 

 

Figure A-23.  Groundwater Elevation versus Date of Reading, MW25  
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         Table A-59.  Monitoring Results, Well MW26 

 

Figure A-24.  Groundwater Elevation versus Date of Reading, MW26 
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        Table A-60.  Monitoring Results, Well MW27 

 

Figure A-25.  Groundwater Elevation versus Date of Reading, MW27  
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         Table A-61.  Monitoring Results, Well MW28 

 

Figure A-26.  Groundwater Elevation versus Date of Reading, MW28  
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          Table A-62.  Monitoring Results, Well MW29 

 

Figure A-27.  Groundwater Elevation versus Date of Reading, MW29  
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         Table A-63.  Monitoring Results, Well MW31 

 

Figure A-28.  Groundwater Elevation versus Date of Reading, MW31  
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          Table A-64.  Monitoring Results, Well MW32 

 

Figure A-29.  Groundwater Elevation versus Date of Reading, MW32  
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           Table A-65.  Monitoring Results, Well MW33 

 

Figure A-30.  Groundwater Elevation versus Date of Reading, MW33  
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       Table A-66.  Monitoring Results, Well MW34 

 

Figure A-31.  Groundwater Elevation versus Date of Reading, MW34  
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             Table A-67.  Monitoring Results, Well MW35 

 

Figure A-32.  Groundwater Elevation versus Date of Reading, MW35  
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               Table A-68.  Monitoring Results, Well MW36 

 

Figure A-33.  Groundwater Elevation versus Date of Reading, MW36  
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               Table A-69.  Monitoring Results, Well A-MW37 

 

Figure A-34.  Groundwater Elevation versus Date of Reading, MW37  

6886

6888

6890

6892

6894

6896

6898

6900

11/24/2005 4/8/2007 8/20/2008

El
e
va
ti
o
n
 (
ft
)

Date

MW37

GW Elevation

Top of Screen

Bottom of Screen



109 
 

          Table A-70.  Monitoring Results, Well MW38 

 

Figure A-35.  Groundwater Elevation versus Date of Reading, MW38
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APPENDIX B 
 

WELL MONITORING DATA, WWDC WELLS 
 
 

Graphs are presented for each of the eight WWDC water wells monitored for this study.  Data 
were recorded hourly, averaged daily, and stored on a data logger until downloaded by the first 
author as described in Chapter 3.  Each graph shows the groundwater elevation, as determined 
from the field measurements, versus the date.  The monitoring period is July 25, 2007 through 
August 29, 2008. 
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Figure B-1.  Groundwater Levels, Belvoir No.1 
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Figure B-3.  Groundwater Levels, Belvoir No. 2 
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Figure B-4.  Groundwater Levels, Belvoir No. 5 
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Figure B-5.  Groundwater Levels, TH-3 
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Figure B-6.  Groundwater Levels, TH-4 
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Figure B-7.  Groundwater Levels, TH-5 
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Figure B-8.  Groundwater Levels, TH-6 
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Figure B-9.  Groundwater Levels, TH-9 
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APPENDIX C 
 

MONTHLY RECHARGE BY COMPUTER PROGRAM SWAT 
 
 

This appendix presents tabulated average recharge values based on results obtained using the 
program SWAT as described in Chapter 4.  Results are presented only for the Hydrologic 
Response Units (HRU’s) that incorporate monitoring wells on the Belvoir Ranch.  Results for the 
entire study area (220 HRU’s) are available from the Wyoming Department of Environmental 
Quality.  
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Table C-1.  Predicted Monthly Recharge Results from SWAT, Selected HRU’s (note:  all values in mm of water) 
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   Table C-1 (continued) 
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Table C-1 (continued) 
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   Table C-1 (continued) 
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   Table C-1 (continued) 

 

 

 

 

 


