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CHAPTER 1  – INTRODUCTION 

This report is a study of the relationship between groundwater and surface water in the 
Horse Creek Basin of Goshen and Laramie Counties in eastern Wyoming, with particular 
reference to the availability of water for irrigation. Figure 1.1 provides a location map, 
distinguishing “lower”, “middle”, and “upper” reaches of Horse Creek. (All figures and 
tables are included at the end of this report.) 

The lower reach - below the Ft. Laramie Canal – is almost entirely supplied by return 
flows from that canal and other local sources. As documented by Hinckley et al. (2000), 
there is rarely significant flow from the middle reach into the lower reach, either on the 
surface (Horse Creek) or via groundwater flow. Thus, lower Horse Creek is essentially 
an independent drainage. It is outside the area of this investigation. 

The middle reach of Horse Creek extends from above the Town of LaGrange to the Ft. 
Laramie Canal. Within this reach, stream flow is entirely consumed through irrigation 
diversions, including those supported by Hawk Springs Reservoir. At the top of this 
reach is an area of approximately 60 mi2 of geologic deposits with sufficient groundwater 
supplies to support extensive groundwater irrigation, known as the “LaGrange Aquifer” 
(a term from Borchert, 1985). This local aquifer and the stream flow above Hawk Springs 
Reservoir are the main focus of attention for this report.  

The upper reaches of Horse Creek and its tributaries extend into Laramie and Albany 
Counties. These areas receive cursory treatment here, as groundwater is sparsely 
developed in geologic deposits generally less-productive than the LaGrange Aquifer. 

This project was prompted by the most recent in a long line of concerns with the impact 
of groundwater development on groundwater levels, Horse Creek stream flow, and the 
accrual of water in Hawk Springs Reservoir. Specifically, in an April 1, 2009 letter to the 
Wyoming State Engineer’s Office (WSEO) – Groundwater Division, 33 local irrigators 
requested “an investigation into the interference along Horse Creek and Tributaries” and, 
noting that virtually all groundwater rights in the area are junior in priority to virtually all 
surface water rights, requested for “all wells in the area to be regulated in priority to allow 
Hawk Springs Reservoir to fill”. The State Engineer’s Office determined that they did not 
have sufficient information to justify the requested regulation, so commissioned the 
current study to develop an understanding of how groundwater development impacts 
stream flow and reservoir accruals and of the potential impacts of priority regulation of 
groundwater. 

The water resources of the Horse Creek Basin – both surface and groundwater – 
originate as precipitation within the basin. Approximately 16 inches of annual 
precipitation either evaporates from the surface (including evapotranspiration from 
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vegetation), accumulates to produce stream flow, or infiltrates to become groundwater. 
At the scale of the basin, a basic mass balance, i.e. total water in = total water out, must 
apply. Because groundwater irrigation consumes water, it is part of that balance1. A local 
farmer put it well in a 1981 hearing regarding a groundwater control area for Horse 
Creek, “... we have to keep in mind the fact we do have an interrelationship between 
groundwater development and stream flow. After all, groundwater all comes from either 
the streams or the precipitation, it isn’t just something that pops up like magic; it had to 
come from somewhere.”  (Curt Meier, 3/23/81). 

Figure 1.2 presents a well-studied and documented2 case of groundwater-irrigation 
depletion of stream flow in the Pumpkin Creek basin of the Nebraska Panhandle, the 
drainage basin immediately east of Horse Creek. Irrigation wells in this basin draw water 
from alluvial gravels and fractured Brule Formation, like those in the LaGrange area. As 
irrigation wells have extracted more groundwater, groundwater has been less available 
to sustain stream flow, and Pumpkin Creek flow has steadily declined. Figure 1.3 
presents a similar comparison for Lodgepole Creek, the drainage immediately south of 
Horse Creek. Groundwater development in this basin too comes from thin alluvial 
deposits and fractured portions of the Brule Formation. Again, the correlation between 
increasing irrigation-well development and declining stream flow is clear. Although Horse 
Creek hosts a more complex irrigation system than either Pumpkin or Lodgepole 
Creeks, and has no long-term gaging record for comparison, the similarities and the 
likelihood of stream depletion are obvious3. This report will address the relevant details 
of how groundwater irrigation in the Horse Creek basin impacts surface water resources. 

Wyoming water-rights regulation is founded in the Prior Appropriation Doctrine of “first in 
time, first in right”. In other words, an appropriator who was permitted for the diversion 
and application of water to beneficial use at an early date is to receive the water 
specified in their permit before an appropriator who developed their use at a later date. 
In the case of competing rights, close together on a perennial stream, regulation is a 
reasonably straightforward process of requiring a junior upstream right to forego 
diversion if a downstream senior right has not been satisfied. As will be discussed in 
detail below, this approach has been applied on Horse Creek for over a century. 

In the case of groundwater, where the relationships between junior and senior 
appropriators are less obvious and where connections may be remote, there is not a 

                                                 
1 See Winter et al., “Ground Water and Surface Water - A Single Resource”, U.S. Geological Survey 
Circular 1139 (1999) for an extensive and well-illustrated discussion of this concept. 
2 e.g. Drain, 2002; Luckey and Cannia, 2006; Lytle, 2008; Patterson, 2004. 
3 The only previous attempt of which we are aware to approximate the impact of groundwater irrigation on 
Horse Creek flows is the rough water balance computations of Lefkoff and Durbin (2000), who concluded 
depletions to stream flow and groundwater underflow had risen to approximately 13,000 ac-ft/yr by 1994. 
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long history of priority regulation in Wyoming. However, state statute (W.S. 41-3-916) 
provides: 

“Where underground waters in different aquifers are so interconnected as to constitute in 
fact one source of supply, or where underground waters and the waters of surface 
streams are so interconnected as to constitute in fact one source of supply, priorities of 
rights to the use of all such interconnected waters shall be correlated and such single 
schedule of priorities shall relate to the whole common water supply.”  

This statutory provision has generated a generic (pre-printed) permit condition explicitly 
attached to many individual groundwater permits (e.g. permits for many of the irrigation 
wells southeast of Hawk Springs Reservoir; permits for the reservoir-supply wells of the 
Horse Creek Conservation District; irrigation-well permits in the Fox Creek drainage; 
etc.): 

“This application is approved subject to the condition that the proposed use shall not 
interfere with any existing rights to groundwater from the same source of supply and is 
subject to regulation and correlation with surface water rights, if the ground and surface 
waters are interconnected.”   

Permits for some Horse Creek basin irrigation wells go even further, with individualized 
permit conditions such as: 

“Since information furnished in this application indicates that the well under this 
application may withdraw water from an aquifer which is interconnected with a surface 
source, this permit is issued subject to correlation with priorities of surface water rights 
and possible control or regulation, as provided by law.”  (Permits UW2477, 2478, 2479, 
2480, and 2481 – 1969 permits on Fox Creek, a tributary of Bear Creek.) 

“Special attention is called to paragraph one (1) of these limitations [the “This application 
...interconnected” language cited above] and conditions as outlined above relating to the 
interconnection of groundwater and surface sources.”  (Permit 32268, a 1975 permit on 
Little Bear Creek.) 

The only instance in Wyoming of basin-scale regulation of junior groundwater rights for 
senior surface rights, of which we are aware, occurred on Bates Creek, a North Platte 
River tributary above Casper, in 2007 and 2008. Based on theoretical calculations of the 
depletive impact of groundwater pumping on stream flows (Langstaff, 2006), irrigation 
wells along a 10 mile reach of the creek were regulated off for approximately three 
weeks in 2007 and two weeks in 2008 (Tullis, personal communication; 8/25/10). 

Chapters 2 and 3 of this report lay out the hydrologic setting of the Horse Creek Basin 
with respect to both surface and groundwater resources and document the history of 
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irrigation and the water-rights structure of the basin. Chapters 4 and 5 present 
quantitative modeling of the interconnections between surface and groundwater, using a 
numerical model for the area of intense development around LaGrange and a simpler, 
analytical model for the isolated irrigation wells upstream. Chapter 6 presents unit 
response functions for irrigation well pumping stresses, and Chapter 7 presents a 
summary of findings and conclusions. Chapter 8 lists the references cited throughout the 
report. Appendices provide supporting data, e.g. listing of surface and groundwater 
water rights, unit response function tables, and modeling files. 
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CHAPTER 2 – HYDROLOGIC SETTING 

2.1 Study Area Precipitation 

Figure 2.1 presents annual precipitation data for the LaGrange weather station, the 
primary climate station in the study area. The annual total precipitation over the period 
1949 - 2010 averages 16.1 inches. Figure 2.2 presents the average monthly distribution 
of precipitation over this period.  

The translation of precipitation into either stream flow or groundwater recharge is a 
complex function of the timing, location, and intensity of precipitation as well as the 
temperature, soil moisture content, and growth stage of vegetation. The same annual 
rainfall can produce very different results in terms of stream flow and groundwater 
recharge; the detailed evaluation of precipitation-stream flow-recharge relationships is 
outside the scope of this study.  

A climatic measure that takes some of these complex factors into account is the Palmer 
Drought Severity Index (PDSI) (Palmer, 1965), commonly used by the National Oceanic 
and Atmospheric Administration (NOAA) to characterize drought conditions. The PDSI 
reflects current and precedent precipitation and temperature conditions, and regional 
constants such as water-holding capacity of soils. It is an important climatological tool for 
evaluating the scope, severity, and frequency of prolonged periods of abnormally dry or 
wet weather. Negative values of the PDSI reflect drier-than-normal conditions and 
positive values reflect wetter-than-normal conditions. A value of -2.0 or lower is 
considered moderate drought, -3.0 or lower is considered severe drought, and values 
lower than -4.0 are considered extreme drought.  

Figure 2.3 presents average annual values of PDSI for Wyoming Climate Division 8. 
Climate Division 8 encompasses the North Platte River Basin in Wyoming below 
Pathfinder Dam. The “year” used for Figure 2.3 is from May 1 of the previous year to 
April 30 of the listed year to approximately conform with the 12-month period prior to the 
typical occurrence of maximum storage volume in irrigation reservoirs. The widely felt 
drought of the 2000s is much more apparent in the PDSI data than in the precipitation 
data (Figure 2.1). 

2.2 Horse Creek Stream Flow 

The drainage basin of Horse Creek has an area of 1,570 mi2. Above the Ft. Laramie 
Canal, the drainage area is 1,320 mi2. Above Hawk Springs Reservoir (including Bear 
Creek and Hawk Springs Creek), the drainage area is approximately 1,192 mi2. By way 
of comparison, the adjacent drainages of Pumpkin Creek and Lodgepole Creek (above 
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the Bushnell gage) are 1,020 mi2 and 1,361 mi2, respectively. The comparisons of 
Figures 1.2 and 1.3 are from basins of similar size to the Horse Creek basin. 

Measured flow data for Horse Creek above the Ft. Laramie Canal are sparse (from 1 to 
9 years’ data for Horse Creek, only 1.5 years for Bear Creek), and are complicated by 
multiple irrigation diversions which commonly de-water the creek. All published 
measurements were made prior to 1980. Figure 2.4 shows the locations of these 
measurements; Table 2.1 shows the stream flow gages. In downstream order, these 
data show the following: 

• 1967-1969 (Meyers and Cushman, 1971); T17N, R66W, Sec. 3 (approximately 60 
miles upstream of LaGrange). Seventeen, roughly monthly, measurements of Horse 
Creek flow between 8/28/67 and 4/10/69 averaged 8.41 cfs, peaking at 20 - 30 cfs 
during April and May.  

• 1945-1947 (U.S. Geological Survey [USGS] gage), May - September stream flow in 
Horse Creek just above the Rutledge and Hellman diversion was most commonly 20 
- 40 cfs, and between 0 and 60 cfs approximately 90% of the time.  

• 1978-1979 (USGS gage), stream flow in Horse Creek approximately 2 miles above 
the Brown and LaGrange diversion was most commonly 10 - 20 cfs during the 
irrigation season, and averaged approximately 30 cfs outside the irrigation season 
(only one full year of record).  

• July-October, 1986 (Kerr et al., 1987). Horse Creek stream flow at the Brown & 
LaGrange diversion was continuously monitored, rising from 10 cfs to 30 cfs over the 
period. 

• 1915-1919 (USGS gage), stream flow in Horse Creek just upstream of the Lowe 
Cattle No. 1 diversion was approximately 10 cfs during the irrigation season and 
around 40 cfs outside the irrigation season. 

• 1965-1973 and 1978/79 (USGS gage), stream flow in Horse Creek just downstream 
of the Wye Cross diversion4 commonly fell to 1.5 - 2.5 cfs by late in the irrigation 
season. Outside the irrigation season, flows were highly variable, averaging 30 cfs. 

• 1978-1979, stream flow in Bear Creek just below the Van Alton Ditch averaged 
approximately 10 cfs from mid-April to mid-January (two seasons of record), and 
approximately 25 cfs during the winter of 1978-1979. This record is consistent with 

                                                 
4 This station includes the flow of Bear Creek, which enters Horse Creek upstream due to a diversion 
ditch which carries the entire Creek across the low divide between the two natural channels (e.g. 
Borchert, 1976, p. 42). 
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regulation of upstream Bear Creek for the most senior right on the creek, the Lowe 
No. 2 Ditch right for 9.4 cfs. 

(Hinckley et al., 2000 also compiled USGS published stream flow data for Horse Creek. 
That report provides detailed gage analysis focusing on the absence of outflows from the 
middle Horse Creek basin.)  

2.2.1 Hawk Springs Reservoir 

The most consistent hydrologic data associated with stream flow in the study area are 
the records of storage in Hawk Springs Reservoir, which is filled via the Hawk Springs 
Reservoir Ditch (generally takes the entire flow of Horse Creek just below the Spy Ditch 
diversion). These storage data reflect the net results of stream flow and groundwater 
input, evaporation and seepage losses, and reservoir releases. Because reservoir 
storage largely occurs only outside the main irrigation season (in season, competing 
direct-diversion seniors take all available water), the net reservoir accruals provide an 
approximation of stream flow and groundwater inputs. 

Figure 2.5 presents the storage content of Hawk Springs Reservoir since 1953, as 
extracted from the daily journals and published records of the WSEO Hydrographer 
Commissioners. (Complete data are tabulated in Appendix 1.) Prior to the 2000s 
measurements of storage volume were typically made once or twice a month; during the 
2000s, weekly measurements were typically made. The 16,735 ac-ft line represents the 
maximum permitted storage in the reservoir. (Since 1985, the reservoir has been 
required to maintain a minimum pool of 1,779 ac-ft for public benefit. However, reservoir 
levels dropped below this volume during 2004-2008.)  Stream flow in excess of that 
required to meet the reservoir’s one-fill has generally been passed downstream to 
supply other ditches and reservoirs. 

Obviously, Hawk Springs Reservoir is more likely to store to full capacity in years of 
relatively higher rainfall and absent drought conditions (see Figs. 2.1 and 2.3). Local 
concerns with the availability of storage, e.g. as evidenced by petition/complaint activity, 
coincide with the low points on Figure 2.5 in the late 1970s and 2000s. 

Included on Figure 2.5 is a plot of the net positive storage for each year, i.e. the 
minimum storage volume from the previous year subtracted from the maximum storage 
volume in the year listed. Each year’s point is plotted in the month in which maximum 
storage was achieved (typically in May). Comparison with Figure 2.3 indicates the 
reservoir response to drought periods, particularly that of the 2000s. That the net storage 
values are less in the 2000s than in the early 1960s (before the majority of groundwater 
development), despite similar precipitation and PDSI values, may be a reflection of a net 
increase in consumptive use in the basin. 
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Figure 2.6 presents the same Hawk Springs Reservoir storage contents as Figure 2.5, 
expressed as the average net accrual rate between semi-monthly measurements of 
volume (only positive values are plotted)5. As above, these data reflect only an 
approximation of stream flow, as they include the effects of groundwater input, losses 
due to evaporation, seepage, and storage-period releases (and errors in the 
measurement and calculation of reservoir levels and volumes), and are averaged over 
multi-week periods. Nonetheless, net accrual rates are similar to those suggested by the 
sparse stream flow gage records, while providing a picture of basin hydrology over an 
extended period. The average positive net accrual rate for this period is 27.7 cfs 
(averaged, in most cases, over periods of 2 weeks).  

2.2.2 Gains and Losses 

Babcock and Rapp (1952, p. 13) concluded that both Horse and Bear Creek receive 
gains from groundwater “throughout most of their courses”, but that in “a few places” the 
streams lose water to groundwater “for short distances”. Specifically cited for loss areas 
are “where the valleys of Horse and Bear Creek merge and where the width of the 
alluvium increases from a few hundred feet to several miles.”  The latter describes the 
situation between the Brown & LaGrange diversion and the Town of LaGrange. Based 
on mapping of groundwater elevations, Borchert (1976, p. 55) concluded “Horse Creek 
may be losing water” in this reach. Actual stream gaging on July 23, 1973 suggested a 
loss of approximately 0.5 cfs (Borchert, 1976, p. 63). The general absence of gains 
through this reach is confirmed by the local Hydrographer (Mehling, personal 
communication 11/10). 

A 1971 conveyance loss study high on Horse Creek (Meyers and Cushman, 1971; 60 
miles upstream of LaGrange) developed detailed flow measurements over a 3-mile 
reach of the creek, documenting a loss of approximately 2 cfs to the local alluvial aquifer, 
which was re-gained (plus additional input) through a series of downstream seeps and 
springs. 

A conveyance loss study from Little Horse Creek to the Brown & LaGrange diversion 
(Kerr et al, 1987) was undertaken in August and September of 1986 to assess the utility 
of priority regulation in this reach. The conclusion was that shutting off junior diversions 
from Little Horse Creek does produce an increase in flow at the senior diversion (Brown 
& LaGrange) approximately 26 miles downstream. Through T18N, R61W, Horse Creek 
was found to gain 8 cfs from a combination of seeps and springs and “other unidentified 
groundwater” inflow to the channel, then to lose 0.5 cfs in the reach down to the Brown & 

                                                 
5 The tabulated data in Appendix 1 includes all recorded data. To evaluate rates of storage, these data 
were manually edited to eliminate high-frequency (e.g. daily) data that appeared to result in extreme 
values due to short averaging periods. 
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LaGrange diversion “possibly due to the two large center pivot systems pumping from 
groundwater” just above the diversion. 

An additional input to Horse Creek stream flow is represented by the historical Hawk 
Springs (for which the reservoir is named). These springs were inundated when the 
reservoir was constructed in 1908, but are the source of the 1893-priority Hawk Springs 
Ditch diversion, permitted for 8.57 cfs. (These springs and other LaGrange-area gains 
from groundwater are discussed in the “Groundwater Discharge” section 2.3.3). 

2.3 Groundwater 

2.3.1 Hydrogeology 

Previous publications (see Chapter 8 – References for complete citations) relating to 
groundwater conditions in the study area include: 

 General groundwater geology: Adams, 1902; Dockery, 1940; Babcock and Rapp, 
1952; Rapp et al., 1957; and Borchert, 1976 

 Groundwater flow numerical modeling: Borchert, 1985 

 Stream conveyance loss studies: Kerr et al., 1987; Meyers and Cushman, 1971 

Figure 2.7 shows the areal geology of the Horse Creek Basin, from the Ft. Laramie 
Canal (Yoder) upstream to the westernmost irrigation wells. Figure 2.8 provides more 
detail for the LaGrange area specifically. Figure 2.7 is taken from the 1:100,000-scale 
mapping of the Chugwater Quadrangle by the Wyoming State Geological Survey 
(WSGS, 2010), which was compiled from the Goshen County mapping by Rapp et al. 
(1957). Figure 2.8 shows the coverage slightly differently in the LaGrange area. It was 
developed specifically for this area by Borchert (1976); differences are discussed below. 

The geologic formations mapped, from oldest to youngest, are listed below. Geologic 
descriptions and hydrogeologic data are largely taken from Borchert (1985), the most 
recent of the published geologic reports, which compiled information from previous 
reports that include Borchert (1976), Rapp et al. (1957), and Babcock and Rapp (1952). 

Lance Formation - clay, sandy claystone, sandstone and shale. The Lance is poorly 
productive of groundwater. For purposes of groundwater modeling, Borchert (1985) 
considered it to be effectively impermeable. Hinckley et al. (2000) examined 
groundwater gradients and permeability estimates to conclude that the quantity of 
groundwater moving northward out of the entire middle Horse Creek drainage was only 
580 ac-ft/year. 
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Along with the overlying Chadron Formation, the southern contact of the Lance Fm. 
forms the northern boundary of the LaGrange Aquifer and, with rare exceptions, the 
north boundary of the area in which productive irrigation wells can be developed. Thus, 
consideration of Horse Creek Basin groundwater is largely confined to the area south of 
Hawk Springs Reservoir. 

Chadron Formation (of White River Group) - clayey siltstone and silty claystone. Like 
the Lance, the Chadron is poorly productive of groundwater, joining the Lance in defining 
the effective limits of the useful aquifer in the Horse Creek Basin. 

Brule Formation (of White River Group) - siltstone. The Brule is a curious formation 
hydrogeologically. Its siltstone composition indicates poor groundwater production; it is 
referred to as the “Brule Clay” over most of its outcrop and is commonly quarried for 
lining canals and ponds to reduce seepage in lieu of more expensive bentonite. Where 
the Brule is overlain by the Arikaree Formation in the study area, Babcock and Rapp 
(1952) describe the springs that occur where downward infiltration encounters the 
relatively impermeable siltstone of the Brule.  

In certain areas, including where it is overlain by alluvium around LaGrange, it contains 
fractures and cavities that are very productive6. The Brule is generally referred to as 
“hardpan” in local water wells. Based on detailed observations of the synchronous rising 
and falling of groundwater levels in paired observation wells (one open to the Brule and 
one open to the alluvium), as well as on the overall geology and potentiometric surface, 
Borchert (1985) concluded that the two units were in close hydrologic communication, 
creating a single effective, unconfined aquifer he termed the “LaGrange Aquifer”7. 

The nature of the permeability in the Brule creates large contrasts in well performance. 
Rapp et al. (1957), for example, state that “generally, the Brule Formation ... does not 
yield water abundantly to wells”, making it suitable for little more than low-yield domestic 
and stock wells. Near LaGrange, however, “fissures and fractured zones yield relatively 
large quantities of water to irrigation wells.”  A sampling of the WSEO Statements of 
Completion filed for Brule Formation wells in the Horse Creek Basin outside of the 
LaGrange Aquifer found specific capacities ranging from near zero to highs around 10 
gpm/ft. Tests reported for Brule wells within the LaGrange Aquifer, however, are 
commonly in the tens of gpm/ft and, occasionally, over 100 gpm/ft. 

                                                 
6 The nature of these high-permeability zones is unclear. Various geologists have described “fractures”, 
“fissures”, “pipes”, and “solution cavities”. Common driller descriptions include “broken hardpan”, 
“fractured Brule”, etc. Permit UW1900 states “at 45 feet we hit an underground stream”. 
7 This point was emphasized by former Wyoming State Engineer Floyd Bishop who, in a 8/17/79 affidavit 
filed on behalf of John Meier & Son, Inc., opined, “In reality, these two structures [the Brule Fm. and the 
alluvium] are inter-connected with water flowing from the alluvium into the Brule-Chadron. Therefore, 
some of the recharge to the Brule comes from the overlying alluvium, on the other hand, pumping from 
the Brule will pull some water from the alluvium.” 
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The driller-identified “main water bearing zones” in wells we have identified as primarily 
producing from the Brule Fm. in the LaGrange area start at an average depth of 60 feet 
and extend to a depth of 100 feet. In only 5 of the 55 wells with available records, is the 
“main water bearing zone” identified as extending to below 150 ft; the deepest of these 
zones is 200 ft. (The deepest of these wells is reported to be 350 ft deep, but the main 
water bearing zone in that well is identified as extending only to 145 ft. Presumably, the 
deeper drilling represents an unsuccessful attempt to find deeper production zones.)  
The material at the base of the productive zones of the Brule is most commonly 
described as “clay”, “shale”, or “Chadron” (referring to the underlying Chadron Fm.) 

The majority of Brule wells are completed open-hole, i.e. the formation is sufficiently 
stable to not require installation of casing once the loose, surface-material is penetrated. 
Brule Fm. groundwater production is generally reported from fractured or “broken” 
hardpan immediately below the overlying alluvium. In some cases, however, production 
is reported from beneath layers described as “firm clay”, for example, suggesting a 
locally confined aquifer. At the scale of our investigation, such layers are simply part of 
the overall permeability of the aquifer, but they may significantly affect productivity and 
drawdown on an individual well basis. 

The general contrast in Brule Fm. productivity between the LaGrange area and the 
surroundings is also seen on a smaller scale. For example, Borchert (1976) concluded 
his test of an alluvial well at T19N, R61W, Sec. 4cdd (2 miles west of LaGrange) 
reflected the nearby boundary between the productive alluvium and the “low 
permeability” Brule (250 ft to the south; see Figure 2.8). He suggests this as a general 
pattern in that “Irrigation wells drilled in the Brule outside the boundaries of the alluvium 
do not have yields as large as most irrigation wells drilled in the Brule in areas where the 
alluvium is present.”   

Along with the Statement of Completion for well P2130W (T20N, R61W, Sec. 33) is a 
description of two wells in the adjacent southeast corner of Sec. 32 that were found to be 
of “entirely inadequate” productivity and were plugged and abandoned. The location and 
drillers log of the successful well in Sec. 33 indicates the Brule Fm. was encountered at 
27 ft (unproductive relative to the overlying alluvium). Comparison with geologic mapping 
(e.g. Figure 2.8) suggests the two unsuccessful wells encountered much thinner 
alluvium and similarly unproductive Brule. Thus, the productive Brule appears to 
coincide with a somewhat smaller area than the mapped alluvium on Figure 2.8. 

Exceptions include an area near the contact between the Arikaree and Brule Formations 
west of LaGrange. Irrigation wells around T20N, R63W, Sec. 18 have developed yields 
in excess of 1,000 gpm, apparently from fractured Brule similar to that encountered 
around LaGrange, but beneath an Arikaree Fm. cover instead of alluvium. Coupled with 
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the recharge available from adjacent Fox Creek, approximately 650 acres have been 
brought under groundwater irrigation by these wells. 

Carefully-conducted and documented aquifer tests are rare. Borchert (1985) cites only 
four previous tests, which found permeabilities from 640 - 810 ft/day for the Brule and 
480 - 1730 ft/day for the overlying alluvium. His interpretation of data from the HCCD 
wells southeast of Hawk Springs Reservoir (for which our review of well logs indicates a 
combined alluvium / Brule completion) estimated a permeability of 770 ft/day for the 
combined aquifer.  

For this report, we have compiled all available driller-reported pump test data for 
irrigation wells in the LaGrange area (see Table 2.2) and, for those 60 including a 
credible discharge rate, drawdown, and time interval8, have computed an approximate 
transmissivity using the Theis Equation. Division by the saturated thickness reported for 
the well – total depth minus static water level - provides an approximation of the effective 
aquifer permeability. For the wells identified as producing primarily from the Brule, the 
suggested permeabilities range from 3 to 430 ft/day, averaging 53 ft/day. (These values 
may be smaller than reported by Borchert due to being calculated across the entire 
saturated interval.)   

Arikaree Formation - sandstone and siltstone, with beds of volcanic ash. The Arikaree 
Fm. occurs as isolated caps on Bear and Sixty Six Mountains in the LaGrange area, but 
underlies much of the basin upstream. It is modestly productive of groundwater and has 
been developed for groundwater irrigation at scattered locations, i.e. the circles on the 
western portion of Figure 2.99. In the Arikaree Fm., several irrigation wells are commonly 
combined to provide sufficient water to operate a center-pivot irrigation system. For 
example, in T20N, R64W, Sec. 1 (see Figure 2.7) five wells, yielding from 43 to 70 gpm, 
are combined to supply one small (48 ac) pivot. 

For the Wyoming Depletion Plan (2006), Hinckley reviewed county-scale hydrogeologic 
investigations by Lowry and Crist (1967) and Borchert (1976) and concluded a 
transmissivity of 4,800 gpd/ft would provide a conservative (i.e. tending to over- rather 
than under-estimate hydrologic connection) estimate for the Arikaree Fm. in the Horse 
Creek Basin. 

Ogallala Formation - fine-grained sandstone with interbedded silt and clay layers and 
lenses. The Ogallala is present only along the tops of high points in the most upstream 
portions of the Horse Creek basin. Due to this location, it is rarely significantly saturated. 
It is not a significant aquifer with respect to this study. 

                                                 
8 For the four wells with no listed pump test duration, a typical value of 2 hours was assumed. 
9 The four townships marked around LaGrange on this figure delineate the “LaGrange Area” for purposes 
of well tabulations and irrigated acreage, e.g. Figures 3.1 and 3.6, and Table 2.1. 
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Alluvium - sand, silt, gravel. These are deposits of Quaternary age (the source of the 
“Q” in their map symbols), laid down along the courses of Horse and Bear Creeks and 
their tributaries. The alluvium is thickest in the area between Horse and Bear Creeks (up 
to 50 ft saturated thickness) and along the southeast edge of Hawk Springs Reservoir 
(up to 30 ft saturated thickness) according to well log analysis by Borchert (1976, Figure 
9). Alluvium is mapped intermittently along the upstream reaches of Horse Creek and its 
tributaries, but is closely confined to the creek bottoms and is generally too thin to 
provide sustained, high-yield production. Babcock and Rapp (1952, p. 12) describe 
these deposits as “very narrow, generally less than one quarter mile wide”.  

As discussed above, due to the close connection between the alluvium and the 
underlying Brule in the LaGrange area, Borchert (1985) considered the two to constitute 
a single, unconfined aquifer, and coined the term, “LaGrange Aquifer”. This connection 
was endorsed by the long-time head of the Groundwater Division of the WSEO, Richard 
Stockdale, in 3/23/81 hearing testimony: “...water that’s in the Brule, if it’s pumped, will 
affect what’s going on with water in the alluvium, and vice versa..... All of these 
formations are in pretty good hydrologic connection. When you pump one, the others 
respond.”  We have found no data that would contradict this generalization. 

Figure 2.7 shows the alluvium extending eastward to the R60/R61 boundary east of 
LaGrange. Figure 2.8 indicates that Borchert (1976) concluded alluvium was present for 
most of another mile east, underlying the area of Sixty-Six Pasture Reservoir. Borchert 
concluded that there is a pocket of alluvium with a saturated thickness of up to 20 ft over 
an area of approximately 1 mi2 immediately northwest of the Sixty-Six Pasture Reservoir, 
although the alluvium saturated thickness is zero for most of a mile radius around the 
northwest corner of Sec. 36 (T20, R61). He concluded that alluvium saturated thickness 
increases substantially, to over 30 ft as Hawk Springs Reservoir is approached from the 
southeast (Figure 2.8). 

Our examination of irrigation well logs finds no significant alluvium in Secs. 25 or 36 
(T20, R61) or Sec. 30 (T20, R60). Review of the WSEO Statement-of-Completion 
identified water-bearing intervals for irrigation wells reveals that all wells east of Horse 
Creek are primarily producing from the Brule “hardpan”. The irrigation wells along the 
southeast shoreline of Hawk Springs Reservoir (Secs. 15 and 22, T20, R 61) produced 
groundwater from a combination of alluvium (to a depth of 20 ft) and Brule “hardpan” to 
as much as 120 ft in depth. 

Thus, it appears that the alluvium mapped east of Horse Creek is generally an 
unsaturated mantle over the fractured Brule, serving primarily to collect precipitation and 
irrigation water to recharge the underlying Brule Formation, from which groundwater is 
subsequently produced.  
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The nature of the permeability in the alluvium appears to be much less variable than in 
the Brule Formation. A sampling of the WSEO Statements of Completion filed for wells 
we have identified as producing from the alluvium found specific capacities ranging from 
12 to 90 gpm/ft, with two wells reporting 600 gpm/ft of drawdown. 

The driller-identified “main water bearing zone” in wells we have identified as primarily 
producing from the alluvium starts at an average depth of 15 ft and extends to a depth of 
40 ft. The bottom of the deepest reported “main water bearing zone” is at 70 ft. The 
alluvial wells are all completed with either perforated casing or well screens, i.e. the 
alluvial material is loose and must be held back to keep the well from collapsing. 

Although more uniform in productivity than the underlying Brule Fm., drillers logs for the 
alluvium commonly identify thin clay or silt layers that would serve to locally impede 
vertical groundwater movement. At the scale of our investigation, such layers are simply 
part of the overall permeability of the aquifer, but they may significantly affect the 
productivity and drawdown of an individual well.  We have reviewed the pump-test data 
reported with WSEO Statements of Completion for all irrigation wells in the LaGrange 
area and calculated effective transmissivities where drawdown, pumping time, and 
discharge rate were provided. Division by the saturated thickness for the well (reported 
depth minus reported static water level) gives an approximation of average permeability. 
Figure 2.10 presents these data, identified as “Brule”, “alluvium”, and “combined” aquifer 
wells. These permeability values for the five combined-aquifer wells range from 16 to 
960 ft/day, averaging 220 ft/day; and for the nine alluvial wells, from 24 to 13,000 ft/day, 
averaging 1,680 ft/day. Table 2.2 presents the information compiled for LaGrange-area 
irrigation wells. 

The test data reported with well completions are not well controlled, and are obviously 
skewed towards wells that were sufficiently productive to merit completion. Also, these 
tests, at best, reflect only aquifer conditions in the immediate vicinity of the wellbore. 
More useful than individual pump tests for assessment of area-wide hydraulic properties 
is a well-constructed groundwater model, calibrated to groundwater levels, recharge, 
discharge, etc. By this method Borchert (1985) estimated “LaGrange Aquifer” (alluvium + 
Brule) permeabilities ranging hugely, from 0.01 to 950 ft/day across the model area10. 

The productive aquifer in the LaGrange area consists of fractured Brule overlain by a 
veneer of alluvium east of Horse Creek and south of Hwy 151 (the east-west road 
through LaGrange) and of saturated alluvium in the area between Horse and Bear 
Creeks and west of Bear Creek. At the southeast corner of Hawk Springs Reservoir, 
irrigation wells produced from both units. 

                                                 
10 Borchert (1985) provided no detail on the distribution of model permeability; no background files, model 
output, or other information beyond the published report are available through WSEO or USGS files. 
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The most conspicuous occurrence of alluvial deposits supporting high-yield wells outside 
the LaGrange area is along Little Bear Creek in T18N, R66W, Sec. 3. Yields up to 2,000 
gpm are reported, supplying irrigation to approximately 510 acres. Little Bear Creek is 
intermittent through this reach, but likely provides a source of recharge to the shallow 
aquifer.  Table 2.3 shows irrigation wells outside the LaGrange area and available, 
driller-reported, pump test data. 

2.3.2 Groundwater Flow 

Recharge - Basically, groundwater flows from points and areas of recharge to points 
and areas of discharge. Figure 2.11 presents a USGS textbook (Winter et al, 1999) 
cross-section illustrating the concept, including the relative water levels in hypothetical 
monitoring wells. Projected into the LaGrange area, the right side of the figure would be 
in the vicinity of Sixty-Six Pasture Reservoir and the left side of the figure would be 
around Hawk Springs Reservoir and Horse Creek. 

Discharge has to equal recharge over the long run or groundwater levels (a reflection of 
the quantity of groundwater in storage) will rise or fall to accommodate the difference. 
Recharge sources include: 

A) Infiltration of precipitation (rainfall and snowmelt). The quantity of precipitation that 
makes it to the groundwater table varies widely, as a function of many hydrologic 
variables. Borchert (1985) “assumed” a recharge proportion of 5% of annual precipitation 
for his LaGrange-area model, based on studies in Laramie and Platte County. 
Immediately east, in the Pumpkin Creek drainage, groundwater modelers (Lytle, 2008) 
have found a proportion of 2.6% of precipitation to provide satisfactory results. 

B) Infiltration of irrigation water. Flood-irrigation commonly applies water in excess of 
immediate crop needs and of what can be stored in the root zone over much of an 
irrigated field. Infiltration to groundwater also occurs beneath earthen ditches, ponds, 
and reservoirs. Upstream of the LaGrange area, surface water irrigation is largely 
confined to the valley floor alongside the creeks, and irrigation infiltration returns 
relatively quickly to the creek in the immediate area. In the LaGrange area (and 
downstream) ditches carry surface water some distance from the creek, allowing 
groundwater to build up beneath irrigation facilities, returning to feed streams more 
slowly. 

Rapp et al. (1957, p. 55) “estimated that about half of the water diverted for irrigation in 
the valley of Horse and Bear Creeks is recharged to the ground-water reservoir.” 

Borchert (1976, p. 42) states that, “Water is diverted by Horse Creek No. 1 Ditch from 
Horse Creek to recharge the aquifers northeast of LaGrange.”  He goes on to quote 
long-time Hydrographer James Ward, as opining that the “increase in pumping [between 
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1969 and 1975] resulted in greater than normal amounts of surface water diverted by 
Horse Creek No. 1 ... beginning in 1969, to provide water for recharging the aquifers 
where increased pumping had occurred.”   Also (p. 58), “Surface water diversions to 
Horse Creek No. 1 Ditch are used primarily to recharge the alluvium and Brule 
Formations north and northeast of LaGrange.” and (Borchert, 1985, p. 26), “the total 
estimated surface water diverted [by the Horse Creek No. 1 Ditch] is assumed to 
recharge the LaGrange aquifer.” In 1979, the Board of Control found that “no water was 
applied through surface irrigation from ditches or laterals extending from the Horse 
Creek Ditch No. 1, except in 1975 when water was accidentally diverted into a lateral ...” 

The 1953 - 1971 diaries of Hydrographer Jim Ward and his annual Hydrographers 
reports through 1980 have been examined for Horse Creek No. 1 diversion data. These 
sparse measurements are consistent with the Borchert representation, in that the few 
diversion measurements for the Horse Creek No. 1 Ditch from the 1950's were in the 5 - 
6 cfs range, whereas those from 1968 onward commonly exceeded 10 cfs. Values as 
high as 37 cfs in the late 1970s may have been a response to the deep drawdowns of 
those years (discussed below, e.g. Figure 9b), but were precluded by the partial 
abandonment of lands under this ditch and proportionate reduction of the water right in 
1979. 

The current operator of the Horse Creek No. 1 Ditch states that the intention of all 
diversions is contemporaneous irrigation rather than aquifer recharge (Meier, personal 
communication 11/10), but any associated seepage and deep percolation will 
necessarily contribute to groundwater storage. 

Borchert (1985) assumed that 40% of applied surface water moved downward to 
recharge the aquifer. In the case of the Horse Creek No. 1 Ditch, which is largely 
restricted to diversions outside the growing season, 100% of the diverted water was 
assumed to supply groundwater recharge. Thus, over his study period (1973 - 1980), 
irrigation recharge of groundwater in the LaGrange area was estimated to average 
approximately 8,200 ac-ft/yr.  

2.3.3 Discharge 

A) Springs and streams. Under natural conditions, groundwater is discharged to 
springs, streams, ponds, and areas of high groundwater table (swamps, wetlands). In 
the Horse Creek basin, these include the perennial streams (Horse, Bear, and Fox 
Creeks) and, since its construction in 1908, Hawk Springs Reservoir. 

Babcock and Rapp (1952, p. 10) describe “many large springs” issuing from places 
where several fissures join in the Brule Formation, “especially along the lower stretches 
of Horse and Bear Creek”. The generally northward flow of groundwater (discussed 
further below) encounters the relatively low permeability of the Lance Formation at Hawk 
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Springs Reservoir. Not surprisingly, there were large springs at this location prior to 
inundation by the reservoir. Borchert (1976, p. 40) cites a 1902 report describing 
“perhaps the largest so-called spring in the Goshen Hole Country” in Sec. 9dbd (T20, 
R61) in a “locality where the ground was seepy, with water rising at a number of places.”   
In 1893, a water-right on these springs (“Hawk Springs”) was granted for 8.57 cfs for the 
irrigation of 559 acres11. When the reservoir had been drawn down to near empty in 
1979, WSEO staff measured the flow of “the big spring” at approximately 8 cfs (Mehling, 
personal communication, 1/11). The Nov. 25, 1960 notes of Hydrographer Jim Ward 
describe comparison of one month’s (Nov. 1960) measured inflow with the net change in 
reservoir storage, concluding that the springs contributed 3.47 cfs on average [plus 
evaporation and seepage losses].  

Borchert (1985, p. 20) concluded that, “Discharge [from the aquifer] from the area east of 
Horse Creek occurs as underflow primarily to Hawk Springs Reservoir.” 

Less obvious than springs are the simple gains to stream flow as groundwater flows 
upward through the streambed. For example, Borchert (1976, p. 63) reports stream 
gaging on July 23, 1973 measured a net gain to Horse Creek of 5.8 cfs (including an 
estimated 1 cfs of surface water return flows) between the Horse Creek No. 1 Ditch 
headgate and the Lowe Cattle No. 1 Ditch headgate, and a net gain of 9.9 cfs between 
there and the diversion to Hawk Springs Reservoir. Borchert cites measurements 
reported by Hydrographer James Ward showing a “4 to 5 cfs” gain through this reach. 
Borchert (1985, p. 20) describes 1978 and 1979 stream flow measurements as 
confirming “a net gain of stream flow in Horse Creek” in the reach from LaGrange to 
west of Hawk Springs Reservoir, and notes that “some discharge from the LaGrange 
aquifer occurs through the alluvium west of Hawk Springs Reservoir.” 

B) Groundwater “underflow”. Hinckley et al. (2000) developed a rough estimate for 
the groundwater leaving the middle Horse Creek basin as groundwater underflow, i.e. 
through the Lance and Chadron Formations beneath the Fort Laramie Canal. Their 
estimate of 580 ac-ft/yr was “not considered a significant component of the basin’s water 
budget”, supporting Borchert’s (1985) modeling of these formations as effectively 
“impermeable”. 

C) Natural evapotranspiration. Rapp et al. (1957, p. 64) estimated that approximately 
18 inches of water per year evaporate from areas of high groundwater. The areas of 
high groundwater they mapped (Rapp et al., 1957, Plate 4) in the middle and upper 
Horse Creek basins were: 1) approximately 400 acres along Horse Creek, extending 
approximately a mile upstream and downstream of the natural junction with Bear Creek;  
2) Hawk Springs Reservoir (water surface) and the shoreline aquifer; and 3) a narrow 

                                                 
11 Originally 600 acres, reduced to 559 acres in 1934. 
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(300 - 1,000 ft) strip along approximately 16 miles of Bear Creek west of T20N, R62W, 
Sec. 34; and 4) a narrow (300 - 1,000 ft) strip along Horse Creek upstream of T19N, 
R61W, Sec. 25. Both of the latter areas are upstream of the LaGrange area. (No 
comparable mapping of Horse Creek upstream in Laramie County is available.) 

Their work suggests a total groundwater discharge via evapotranspiration along Horse 
Creek in the LaGrange area of approximately 600 ac-ft would be “representative”12. 

The area of high groundwater we observed in July 2010 clearly exceeded that mapped 
by Rapp et al., but 2010 was an unusually wet year in the basin. 

D) Artificial discharge of groundwater through wells. Although including domestic, 
stock, and miscellaneous uses, the preponderant draw on groundwater is for crop 
irrigation, which is discussed below (Chapter 3). From 1966 to approximately 1986, the 
productive aquifer along the southeast edge of Hawk Springs Reservoir was also 
pumped aggressively to increase the supply of water to the reservoir. Figure 2.12 
presents a USGS textbook (Winter et al, 1999) cross-section illustrating the impact of 
groundwater withdrawal on the natural flow of groundwater to a stream. From a pre-
pumping condition of groundwater flow into the stream, pumping initially draws from 
aquifer storage, creating local drawdown, proceeds to interception of flow which would 
otherwise eventually discharge into the stream, and may ultimately reverse the natural 
groundwater gradient, causing water to flow out of the stream and into the aquifer. 

Irrigation wells significantly up-gradient (discussed below) from streams are most likely 
to intercept groundwater that would otherwise flow on to discharge into the stream, e.g. 
wells northeast of LaGrange. Irrigation wells located adjacent to streams are in a 
position to reverse groundwater flow gradients and induce infiltration from the stream 
into the aquifer. Candidates for this type of connection are P473W, a 1000 gpm, 17-ft 
deep alluvial well, 43 ft north of Horse Creek near the mouth of the cut-across channel 
from Bear Creek, and P2466, a 1000 gpm well in the alluvium 121 ft from that channel, 
midway between Bear Creek and Horse Creek. 

2.3.4 Potentiometric Surface Mapping 

The balance between recharge and discharge in the aquifer establishes the position of 
the water table. The water table surface can be contoured like the land surface; the 
result is what is called a “potentiometric surface”. Figure 2.13 is the potentiometric 
surface developed by Borchert (1976) based on September 1973 groundwater level 
elevations measured at the indicated points. The contour lines represent the water table 
surface. Like surface water, groundwater runs “downhill”; the groundwater flow direction 
is basically perpendicular to the contours. In the southern portion of the figure, for 

                                                 
12 Application of the 18-inch “average value” to approximately 400 acres. 
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example, the groundwater contour lines converge on Horse Creek, indicating that 
groundwater runs towards and into the creek. The creek will gain water as it flows 
through these reaches. 

Overall, the groundwater flow is northward, along and into Horse Creek, and toward 
Hawk Springs Reservoir. As noted by Borchert (1985, p. 46), “The reservoir overlies the 
natural discharge area for most of the area east of Horse Creek”. The groundwater 
elevations identify a groundwater divide east of LaGrange, at approximately the same 
location as the topographic divide. Groundwater east of this divide flows eastward, on 
into the Pumpkin Creek drainage. Groundwater west of this divide flows northwestward, 
toward Hawk Springs Reservoir.  

Presumably, the conspicuous “valley” in the potentiometric contours extending southeast 
from Hawk Springs Reservoir on Figure 2.13 is a function of high permeability in the 
Brule Fm. This is consistent with Borchert’s (1976, p. 47) conclusion that “Secondary 
permeability in the Brule in the LaGrange area apparently is associated with ancient 
drainages and topography.” 

Rapp et al. (1957) also produced a map of the groundwater table, based on “spring” of 
1951 measurements. This was well before significant groundwater development in the 
area, so Rapp had far fewer points to work with. However, the basic flow directions are 
the same as those identified by Borchert. (The Rapp map extends up Bear Creek to the 
Laramie County line, well beyond the Borchert map, showing the same convergence of 
flow on the creek as Borchert shows for upper Horse Creek, Figure 2.13.)  Plotting the 
individual groundwater elevations from 1951 on the 1974 map suggests no significant 
changes over the intervening years, i.e. measurements are inconsistently higher or lower 
by less than 10 ft. 

Borchert (1985) provides a more detailed comparison, with same-scale maps of water-
table contouring of April, 1973 and April, 1980 groundwater levels in the LaGrange 
Aquifer. (The latter map is reproduced here as Figure 2.14, with groundwater flow 
arrows added.)  Not surprisingly, the overall shape of the water table surface is the same 
between the two years; most contours are virtually identical. Exceptions include: 1) in the 
area southeast of Hawk Springs Reservoir, along the 4,500-ft contour, where the 1980 
groundwater levels are approximately 10 ft higher; and along the 4,480-ft contour, where 
the 1980 groundwater levels are approximately 5 ft lower. Borchert does not address 
these differences, but both are within the variations induced by groundwater recharge, 
local irrigation-well pumping, and varying reservoir surface elevations. As with the 1951 
to 1973 comparison, no widespread upward or downward trend over time is suggested. 

Although we have identified no more recent blanket measurements of water levels than 
those supporting the Borchert maps (indeed, most of the wells he used have not been 



HYDROLOGIC SETTING 
Horse Creek Groundwater / Surface Water Connection Investigation 
 
 

Final Report Page 2-16 
October 2011 

measured since), individual monitoring wells provide a long-term record of groundwater 
levels at discrete points. These are discussed in the next section, a conclusion from 
which is that the basic groundwater system evaluated by Borchert (1976, 1985) remains 
essentially unchanged today. This conclusion is consistent with the history of few 
additional irrigation wells having been completed since then, little change in the surface-
irrigation system, little change in irrigated acreage, etc. 

2.3.5 Groundwater Levels 

Individual groundwater-level monitoring wells provide detailed data for specific locations, 
documenting the groundwater response to seasonal natural recharge, irrigation 
pumping, and recharge through surface water irrigation. Groundwater-level monitoring 
data are available for approximately 460 wells in the Horse Creek Basin (see Appendix 
2), although data vary from one or two measurements at select locations (e.g. those 
used to create the potentiometric surface maps discussed above), to a concentration of 
measurements associated with the USGS studies of the 1970s, to a limited set of long-
term data continuing to the present day. Some wells provide only 2 or 3 measurements 
per year; a small number of wells have been instrumented to record groundwater level 
daily.  

Table 2.4 lists a select group of monitoring wells for the LaGrange area, for which there 
are measurements over an extended time period, at sufficient frequency to assess both 
seasonal and long-term fluctuations. Figure 2.15 provides a map of these monitoring 
well locations (with the Table 2.4 ID numbers for correlation). The following discussion 
examines various issues of basin groundwater levels, including representative 
hydrographs from this set of monitoring wells. 

1. Long-term trends. Figure 2.16 (Well #293) is the hydrograph for a well in Sec. 25cbc, 
T20, R61W, midway between Hawk Springs Reservoir and the Horse Creek No. 1 Ditch. 
The April, 1973 depth-to-water in this well was 18.07 ft; the April, 2008 depth-to-water 
was 17.01 ft. In between, April depths have varied between 10.78 (1984) and 22.8 
(1974). Review of similar records from 24 monitor wells (varying length of record) in the 
LaGrange area indicate no significant upward or downward trend in groundwater levels 
since the mid-1970s. (Short-term changes are discussed below.)    

Included on Figure 2.16 is the annual PDSI for this region, indicating the impact of drier 
and wetter climate conditions. Drier periods produce a compound effect on groundwater 
levels as there is less natural recharge to sustain the groundwater reservoir and there is 
greater groundwater irrigation pumping in response to greater crop needs, both of which 
serve to generally reduce groundwater levels. 
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The apparent response to drought conditions in this well is much greater in the late 
1970s than in subsequent periods. This is likely due to a surge in discharge by the 
HCCD wells, which ceased production in the early 1980s. 

2. Natural variations. Well #291 (Figure 2.17) is east of the area of irrigation well 
development, near the groundwater divide between Horse Creek and Pumpkin Creek. It 
shows the natural cycles of annual recharge, i.e. rising water levels generally from early 
spring to early summer as spring snowmelt and rains recharge the aquifer, and falling 
water levels generally from mid-summer through the winter as groundwater drains away. 
At this location, the annual fluctuation is 2 - 3 ft. This well also shows the longer-term 
fluctuations of precipitation patterns, e.g. the nearly 10 ft decline caused by the 2000s 
drought.  In general, long-term monitoring data in the study area do not indicate 
substantial long-term declines in groundwater levels, but seasonal and mid-term 
fluctuations are sufficient to mask relatively small trends.    

3. Brule Formation wells south and east of Hawk Springs Reservoir. Groundwater 
levels at #297 (Figure 2.18) are much more variable than at #291, reflecting the 
combination of natural recharge and groundwater pumping. Groundwater levels are 
typically highest in May, at which point pumping in the area draws the groundwater table 
down. (There are three irrigation wells within ½ mile.)  This continues until the cessation 
of pumping in late August and September, at which point groundwater from the 
surrounding area moves in to fill the “hole” created by pumping. This seasonal 
fluctuation due to irrigation is superimposed on the natural, regional fluctuations due to 
snowmelt and precipitation recharge and long-term climatic variations.  

Groundwater levels at Well #268 (Figure 2.19) are also dominated by irrigation practices, 
but with the addition of recharge from surface water diversions. (There is no surface 
water irrigation in the vicinity of Well #297.)   The declining levels in Well #268 from May 
to September reflect pumping to nearby center pivot irrigation systems, from which water 
levels rebound through mid-winter. The portions of the plot circled in red on the figure 
reflect a classic “recovery curve” as groundwater moves in from surrounding areas to fill 
in the “cone of depression” created by local pumping13. The portions of the plot circled in 
blue on the figure likely reflect a transition from recovery from nearby pumping, to the 
widespread aquifer recharge resulting from application of surface water (presumably 
from the Horse Creek No. 1 Ditch, in this case). Annual fluctuations are larger than in the 
natural setting (e.g. Figure 2.17) due to the exercise of the groundwater reservoir 
through pumping withdrawals coupled with surface water recharge. The drought of the 
2000s is also apparent at this location (the somewhat lower water levels at the right side 

                                                 
13 The fall, 1991 recovery data from this well, when plotted as water level vs. the log of time since 
recovery started (i.e. a “Jacob” plot) defines a straight line, also indicative of a standard aquifer response 
to the cessation of nearby pumping, in a high-transmissivity aquifer in this case. 
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of Figure 2.19), the lower water levels presumably resulting from a combination of more 
aggressive pumping and less water available for natural aquifer recharge. 

Well #292 (Figure 2.20), also in an area of active groundwater irrigation, displays similar 
seasonal fluctuations, although water levels were not measured in this well frequently 
enough to see short-term details. The deep depression of the local water table in the late 
1970s likely reflects those relatively dry years, compounded by greater groundwater-
irrigation demands and, in this case, by aggressive pumping of wells along the southeast 
margin of Hawk Springs Reservoir, drilled to augment inflows to the reservoir. (That 
practice has since been discontinued.)  

Borchert (1976, p. 2) attributed an observed groundwater level rise of “about 5 ft” 
between the spring of 1970 and the spring of 1974 in this area as “mostly due to 
recharge from surface water”.  

4. Horse Creek Conservation District (HCCD) wells (off southeast side of Hawk 
Springs Reservoir). Well #275 (Figure 2.21) is typical of the nine monitor wells in this 
area. It shows the deep drawdown in the late 1970s and early 1980s caused by the 
pumping of a battery of reservoir-supply wells. The conspicuous downward spikes in 
1978 and 1979 (and smaller spikes in 1981 and 1982) appear in monitor wells as far 
southeast as wells 292 and 294, but are absent in wells west of Horse Creek (e.g. wells 
103, 104, 295, 296) and south of Highway 151 (e.g. Well #297). 

Pumping of the HCCD wells began in 1966 (Borchert, 1976, p. 40). Since cessation of 
that pumping in 1983, the HCCD wells primarily reflect the groundwater-level response 
to reservoir water levels. The reservoir storage volume, an obvious function of reservoir 
water-level elevation, is also plotted on Figure 2.21. It shows a virtual one-to-one 
correspondence with adjacent groundwater levels. 

Wells #275 and #276 are 67.54 and 26.09 ft. deep, respectively.  The respective open 
intervals are unknown, but, assuming the deeper well was completed to provide 
monitoring of the deeper strata, the general coincidence of water–level fluctuations (Fig. 
2.22) indicates a vertical hydraulic connection. (The lower amplitude of fluctuations in the 
shallower well (#276) is odd in that the wells are presumably responding to changes in 
the water level of the adjacent Hawk Springs Reservoir.) 

5. Alluvial wells along and between Horse Creek and Bear Creek. Groundwater 
levels in these areas also reflect the decline caused by seasonal (May - September) 
groundwater pumping and, in some cases, the abundant recharge provided by nearby 
surface water irrigation. At Well #209, for example (Figure 2.23), there is a close 
correspondence between the rapid rise in groundwater levels (typically in early May) and 
the date on which diversions began by the Brown & LaGrange Ditch that irrigates the 
surrounding fields. 
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Well #295 (Figure 2.24) is located 390 ft west of Bear Creek. The occurrence of 
groundwater levels above the ground surface (the negative “depth to water” values) 
identify periods in which there is an upward groundwater gradient, moving water from 
the aquifer into the creek. Figure 2.11 presented a theoretical cross-section 
demonstrating this situation at its left edge. Figure 2.24 also indicates the complex 
interplay of natural and irrigation recharge, stream flow, and pumping effects that 
determine the water-level patterns at any one point. 

Borchert (1976 and 1985) presents extensive analysis of groundwater level monitoring 
data from prior to 1975, concentrating on a period of intense data collection in the 1970s. 

2.4 Conclusions 

Review of the hydrologic conditions in the Horse Creek basin confirms the 
interconnected nature of surface and groundwater resources. Within a context of 
complex local variation, the following general picture is clear: 

 Both surface and groundwater are derived from basin precipitation. Precipitation 
falling within the basin that does not evaporate from the surface or get captured by 
vegetation evapotranspiration either infiltrates to the subsurface (groundwater) or 
runs off the surface to collect in streams. 

 Groundwater becomes surface water via discharges to springs, seeps, and diffuse 
input to streams and to Hawk Springs Reservoir. 

 Surface water becomes groundwater via infiltration of irrigation water and, in a few 
reaches, stream flow infiltration to the underlying aquifer. 

 Groundwater is continuously moving through the aquifers of the basin from upland 
recharge areas to discharge into Hawk Springs Reservoir and into Horse Creek, 
Bear Creek, and their tributaries above the geologic contact with the Lance 
Formation (approximately coincident with Hawk Springs Reservoir). 

 Interception and consumption of that groundwater flow by groundwater irrigation will 
reduce the quantity of groundwater naturally discharging to the surface via stream 
flow and reservoir gains and shallow-groundwater evapotranspiration (including 
subirrigation). 

Chapters 4, 5, and 6 evaluate the timing and spatial distribution of these groundwater / 
surface water connections. 
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CHAPTER 3 – IRRIGATION DEVELOPMENT AND REGULATION 

3.1 Irrigated Acreage  

Figure 2.9 shows the irrigated lands of the middle and upper Horse Creek Basin. Figure 
3.1 provides a more detailed examination of the LaGrange area. Neither figure reflects 
permitted acreage (discussed below), which may be substantially larger than the 
acreage actually receiving irrigation on a routine basis. For example, there are two 
obvious center pivots at the southwest edge of T20N, R61W which are not colored (on 
Figure 3.1) because they are no longer being irrigated. 

Figure 3.1 was developed for this report, based on examination of 2009 aerial 
photography, water-rights adjudication maps, and other available data. Individual 
appropriations in this area can be quite complex. Figure 3.1 is our best estimate of the 
relevant acreage, but should not be considered a definitive statement on water rights. 
Those portions of Figure 2.9 beyond the coverage of Figure 3.1 were extracted without 
modification from the North Platte Basin-wide work of States West Water Resources, 
Inc. (in Hinckley et al, 2000). Their interpretations are primarily based on 1983/84 color-
infrared aerial photography, with limited updates by the local Hydrographer. Both figures 
also show the locations (approximate outside the LaGrange area) of permitted 
groundwater irrigation wells. 

Figures 2.9 and 3.1 segregate irrigated lands as follows: 

 Original Supply - Groundwater: lands currently irrigated by groundwater for which 
there is no associated surface water permit. (Some permits in this category may be 
formally designated as “additional”, in that one well supplements the yield of another, 
“original” well.) 

 Original Supply - Surface Water: lands currently irrigated by surface water diversions 
for which there is no associated groundwater permit. 

 Original Supply - Surface / Additional Supply Groundwater: lands currently irrigated, 
for which there are both surface and groundwater permits. In all cases, the 
groundwater permits are junior to the surface water permits, hence the descriptor 
“additional” for the groundwater. In some cases, e.g. under the Babbitt Ditch, 
groundwater and surface water are commingled (personal communication, Mehling, 
11/10). Although we have not made the detailed field inspections necessary to 
positively identify irrigation facilities for each field, in our judgment, in most cases 
where a center pivot is distinct from surrounding irrigation, groundwater is the sole 
source of supply, although the lands being irrigated retain a legal right to surface 
water. For example, Borchert (1985, Figure 2) judged very little of the lands 
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immediately south of Hawk Springs Reservoir, north of the Horse Creek No. 1 Ditch, 
nor under the two pivots just southwest of LaGrange to receive surface water 
irrigation. Borchert (1976, Figure 14) mapped all pivots in the LaGrange area as 
groundwater supplied, with the exception of two on the east side of Horse Creek 
between the Lowe Cattle No. 1 and Hawk Springs Reservoir supply ditches, for 
which mixed groundwater and surface supplies were mapped.  

 The water rights associated with lands in this category are confused by the 
occurrence of “blanket” adjudications, for which the lands are not specifically 
mapped. (We believe the assignments of Hinckley et al. (2000) to be in error in the 
LaGrange area for this reason.)   Some of the groundwater rights we have 
considered to be “additional” based on comparison with historical mapping of surface 
rights, are not so designated in WSEO files.  

 Original Supply - Surface / Additional Supply Groundwater (Inactive): lands currently 
irrigated by surface water for which there is also an inactive groundwater right. These 
lands are under the Horse Creek Irrigation District; the associated groundwater rights 
are based on the HCCD wells along the southeast side of Hawk Springs Reservoir. 
These assignments are compiled directly from Hinckley et al. (2000) without 
verification. 

The formal designations of “original” and “additional” supply in WSEO permitting and 
adjudication documents may differ from the approximations of Figures 2.9 and 3.1, 
which are not represented as the result of in-depth research on individual rights (which 
can be quite complicated). 

Comparison of irrigated acreage mapping by Borchert (1976, 1985), Hinckley et al. 
(2000), and investigations for this report identify a few, relatively small changes over the 
last 36 years. Two pivots west of the Babbitt Ditch and a pivot one mile east of 
LaGrange have been abandoned. The four pivots immediately north of LaGrange, and 
all but the third (middle-size) pivot going south from LaGrange have been added. A tract 
of surface-irrigated land off the northeast end of the Lowe Cattle No. 1 Ditch has been 
put under pivot. 

Sorting out the details of irrigation in the area between Horse Creek and Bear Creek is 
more difficult due to the combination of surface and groundwater sources, and high 
groundwater tables potentially supplying substantial sub-irrigation. 
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The total acreages shown on Figures 2.9 and 3.1 are summarized in Table 3.1 

Of course, there are very few groundwater-irrigated acres downstream of Hawk Springs 
Reservoir resulting from unfavorable groundwater development opportunity due to 
geologic conditions, i.e. nearly all of those acres are upstream of LaGrange. 

A 1917 field survey of irrigated acreage in the area compared the Horse Creek Decree 
(1889) total acreage of 16,620 acres for the then-active ditches, to the “actual acreage 
covered by these ditches” of only 7,862 acres. Similarly, on Bear Creek the 1891 Decree 
acreage of 7,080 contrasted with actual irrigation of 3,055; and on Little Horse Creek the 
comparison was between 2,625 acres vs. 980 acres. (Nov. 24, 1917 report of Elmer 
Nelson, Engineer-in-Charge, to State Engineer Jas. B. True.)  Obviously, the realized 
irrigation potential of this water-limited basin was found long ago to be substantially less 
than originally envisioned. 

3.1.1 Conjunctive Ownership 

Figure 3.2 summarizes land ownership for the LaGrange area based on the January 1, 
2010 records of the Goshen County Assessor. The figure shows the location of irrigation 
wells and lands with surface-irrigation permits (much of which may not currently receive 
surface water irrigation, as discussed above). Obviously, most irrigation wells are 
associated with lands that either are or could legally be irrigated from surface diversions 
as well. Exceptions include the Kilty lands - surface irrigation only - west of Hawk 
Springs Reservoir and the groundwater-only lands east of LaGrange. Even the Kilty 
operation has a mixed interest in groundwater and surface water, however, as they 
lease the land irrigated by the wells in the State of Wyoming Section northeast of 
LaGrange. The major unalloyed interest in surface water availability in the LaGrange 
area is the Horse Creek Conservation District, the managers of Hawk Springs Reservoir. 

Much of the groundwater irrigation is thus controlled by appropriators who also divert 
surface water for irrigation. This is the natural development of surface water irrigators 
seeking to secure and expand their water supply through the construction of 
groundwater wells. Given the relative inefficiency of flood irrigation (i.e. approximately 
40-50% of the applied water becomes aquifer recharge), the dual development of 
surface and groundwater irrigation facilities provides a means to re-use water, via wells, 
that was originally diverted through a surface ditch. Given the temporary storage aspect 
of groundwater recharge, depending on location and geologic conditions, such dual use 
can provide summer access to water diverted in the winter under relatively junior surface 
rights.  Joint management approaches like this are commonly termed “conjunctive use”, 
and may be consciously developed to maximize the utility of the combined surface water 
/ groundwater resource. 
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This concurrence of interests is most obvious in the area south and east of Hawk 
Springs Reservoir, where the owner of the Horse Creek No. 1, Lowe Cattle No. 1, and 
Lowe Cattle No. 2 Ditches (Meier) is also the owner of most of the irrigation wells east of 
Horse Creek.   

3.2 Surface Water Irrigation 

3.2.1 History and Patterns of Irrigation 

Irrigation from Horse Creek and its tributaries began well before Wyoming became a 
state in 1890. The earliest water right in the study area has an 1874 priority. It diverts 
from the headwaters of Horse Creek, 70 miles upstream of LaGrange. Since then, 
approximately 72,000 acres have been permitted for surface irrigation above the Ft. 
Laramie Canal; with 62,000 of those acres above Hawk Springs Reservoir. At least 70 of 
the permits above Hawk Springs Reservoir divert under priorities senior to 1908 (the 
earliest reservoir permit. Appendix 3 provides a copy of the standard “Tabulation of 
Adjudicated Water Rights” issued by the Wyoming Board of Control for the Horse Creek 
Basin. (As noted above, as is common throughout Wyoming, the actual irrigation 
sustainable on a year-to-year basis is commonly less than all lands under permit.) 

The ratio of demand to supply for surface irrigation water in the Horse Creek Basin is as 
high as anywhere in the state. Because of the scarcity of stream flow, relatively junior 
priorities – which can mean junior to the mid-1880s – commonly have no opportunity to 
divert during the main growing season and must rely on “winter” diversions to fill the soil-
moisture profile to support spring crop growth. Such diversions are common in the basin, 
constrained only by weather conditions that preclude diversion, e.g. sustained periods of 
ice build-up.   

Thus, the “irrigation season” is not well-defined in this area. Only the most senior-priority 
diversions enjoy the opportunity to irrigate on an as-needed basis, in response to 
contemporaneous crop-water demands during the growing season. “Main” vs. “winter” 
irrigation season is distinguished more by which appropriations are diverting than by 
whether diversions are taking place at all. Both Horse and Bear Creeks are routinely 
under 12-month priority administration. 

Fortunately, weather conditions along Horse Creek allow for year-round diversion in 
most cases. A typical entry in the annual Hydrographer’s Report for Division 2 (Goshen 
County) has been, “Priority administration remained in effect all winter as mild 
temperatures and dry conditions allowed junior priorities to divert” (e.g. 2004, 2005, 
2006, 2007, 2008, and 2009). “Juniors with rights later than the 1910s did not have a 
priority early enough to divert due to limited supplies. ...Many ditches [on Bear Creek] 
were not able to divert any water the entire year for the fifth consecutive year” (e.g. 
2005). 
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Stream flow enters the LaGrange area via Horse Creek and its primary tributary, Bear 
Creek. Figure 3.1 also shows the locations of diversion facilities in the LaGrange area. 
Figure 3.3 presents a schematic of surface water rights.  Along with each diversion 
name is its priority and diversion rate (in priority order, if more than one). (Appendix 3 
provides this information, in tabular form, for the larger study area.) 

The following description of typical stream flow and diversion conditions in the basin is 
based on detailed interviews with the local WSEO Hydrographer/Commissioner, Gary 
Mehling, and direct field observations in 1999 and 2010. Obviously, conditions vary 
significantly from month-to-month and year-to-year in response to a host of 
meteorological and irrigation-management factors. The following description is a 
generalization for the approximate period 1991 - 2009. (2010 was a clearly anomalous 
year, wetter by far than any in recent history.) 

During the main irrigation season, approximately mid-April to mid-November, Horse 
Creek is essentially successively dried up at the Rutledge & Hellman, Brown & 
LaGrange, Lowe Cattle No. 1, and Spy Ditch headgates. The appropriation for each of 
these diversions nearly always exceeds the available supply (e.g. the Rutledge & 
Hellman appropriation is for 119 cfs) and there are no downstream seniors. Thus, each 
diversion is entitled to, and takes, the entire flow of the creek. Water passes these 
headgates only intermittently, when irrigation is suspended for short periods to 
accommodate fieldwork. Natural stream gains and irrigation return flows from these 
diversions - both surface and groundwater - build up the stream flow below each point of 
diversion, providing water to the next point of “dry up”.  

Downstream of the Spy Ditch diversion, Horse Creek is heavily influenced by Hawk 
Springs Reservoir, its outlet canal, and the associated 10,000+ acres of irrigation. The 
Herrick and Balcom diversion record is consistent with local representations (personal 
communication Mehling, 11/10; Kilty 12/10) that return flows and natural gains are 
sufficient to supply water on demand during the main irrigation season. Similarly, 
seepage and irrigation return flows provide stream flow that is generally sufficient to 
support limited diversions by junior rights throughout the reach downstream14 (Mehling, 
personal communication, 11/10). This process of serial de-watering of the creek 
continues downstream as successively junior-priority rights take all available flow, until 
the 1902-priority Goshen Hole Supply Canal (for Springer Reservoir, with associated 
1930-priority direct-flow rights) diverts whatever is left. 

                                                 
14 There is only one senior-priority diversion below this “middle” reach of Horse Creek - the Lawrence 
Canal (1891 priority for 8.28 cfs), on lower Horse Creek. It is nearly always satisfied by the copious return 
flows from Goshen Irrigation District, which is supplied from the North Platte River through the Ft. Laramie 
Canal. 
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Bear Creek is similarly tightly regulated, although on that stream, the senior right is at 
the mouth. Upstream Bear Creek is regulated to provide only enough water for the Lowe 
Cattle No. 2 diversion, so rarely provides water for downstream Horse Creek 
diversions15.  

During the winter irrigation season – approximately mid-November through mid-April in 
this area – the first increment of available stream flow in Horse Creek in the LaGrange 
area is generally diverted under the 21.63 cfs appropriation of the Horse Creek No. 1 
Ditch. The available flow at this point is larger than during the irrigation season because 
the creek is not being dewatered at the upstream Rutledge & Hellman and Brown & 
LaGrange headgates. Diversions are made under the Horse Creek No. 1 Ditch direct 
flow right for irrigation, but also serve to replenish groundwater depleted by the previous 
season’s pumping (and/or to build up groundwater storage for use by the next season’s 
pumping), as discussed above.  

“Winter” stream flow in excess of the Horse Creek No. 1 diversion, and gains below this 
headgate, are most commonly diverted for reservoir storage, drying up the creek at the 
Hawk Springs Reservoir Supply Ditch, again at the Hughes Ditch (for the Goshen 
Reservoir [“Bump Sullivan”]), and, finally, at the Goshen Hole Supply Canal (for the 
“Goshen Hole Reservoir”, aka “Springer”). 

Figure 3.4 summarizes the approximate diversion periods for the LaGrange-area ditches 
for the water years 2007 - 2009, based on the annual reports of the WSEO 
Hydrographer. (Most of the reported observations are simply “ON” or “OFF”16; all cases 
with reported flow values are listed on the figure, in cfs.)  The comparison between the 
first two lines of the figure – Brown & LaGrange and Horse Creek No. 1 Ditches - shows 
the relationship described above, i.e. no water is available for diversion at the latter 
when the former is diverting. The sparse available flow measurements suggest that the 
Horse Creek No. 1 Ditch may commonly divert the bulk of its senior water right (21.63 
cfs; see Figure 3.3), but that Lowe Cattle No. 1 either cannot (e.g. due to availability) or 
does not commonly divert its entire appropriation. (These two ditches are managed by 
the same land owner, so may not operate in strict priority.) 

                                                 
15 The most senior 35 water rights on Bear Creek were established by the 1891 Bear Creek Decree. 
Because all but one right on Horse Creek below the natural mouth of Bear Creek are junior to 1891, it has 
not been necessary to assign individual, pre-1891 priorities to the Bear Creek rights. The one potentially-
senior Horse Creek right below the mouth of Bear Creek is the Herrick & Balcom Ditch (1887, 7.2 cfs). 
Because it generally receives sufficient supplies by stream gains and a large spring, it has not historically 
called for regulation. (Although the Spy Ditch [priority 1885] is physically positioned to divert Bear Creek 
inflows due to the “cut-across” ditch, it has no right to Bear Creek water.) 
16 For this figure, ditches are assumed to start diversions on the date of the first “ON” observation and 
stop on the date of the first “OFF” observation. Since a ditch could have come on any time between the 
previous “OFF” and the reported “ON”, the activity bars on the figure may be skewed to the right 
somewhat. 
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The Bear Creek ditches displayed on Figure 3.4 also show diversion patterns consistent 
with relative priorities.  The senior ditch – Lowe Cattle No. 2 – appears to divert at will, 
although the sparse data available do not suggest diversion at its full appropriation (9.14 
cfs). The relatively junior Babbitt and Van Alton Ditches divert primarily during the 
“winter” months. 

The Horse Creek Basin is divided into Districts within Water Division 1. District 1 
consists of the Laramie County portion of the drainage, i.e. upstream reaches of Horse 
Creek and Bear Creek. District 2 consists of the Goshen County portion of the drainage, 
i.e. the LaGrange area and downstream. Since at least the early 1970s, the District 
Hydrographers have prepared an annual report consisting of a narrative description of 
the water year and providing select flow measurements and observations. In addition, 
the WSEO typically prepares an annual report summarizing conditions state-wide and 
explaining specific projects or noteworthy developments. Select years’ Hydrographers 
and WSEO annual reports have been reviewed to provide an overview of water 
administration in the basin. 

1973 - Hydrographer Jim Ward reported the filling of Hawk Springs Reservoir on April 12 
was the earliest in his 23 years administering water in the area, and that a “lot of excess 
water went down Horse Creek into Nebraska”. 

1974 - Hydrogapher Jim Ward again reported “spilling water downstream to the North 
Platte River.” 

1977, 1978 - Hydrographer Jim Ward reported very dry years, including “lots of trouble 
with underground water as the static water level has dropped 12 to 14 feet during the 
irrigation season and is coming back very slowly”, “a number of irrigation wells have 
decreased in the amount of water that they pump” (1977); and “a lot of irrigation wells 
pumped down too low to run sprinklers” (1978). A 1977 letter to the WSEO from 
attorneys for Curtis Meier asserts that irrigation wells in T20N, R61W, Sec. 22 and 26 
experienced “a general reduction in flow to the point where some ... have been pumping 
considerable amounts of air.” 

3.2.2 Reservoirs 

The three primary reservoirs on Horse Creek, in priority order, are Springer (“Goshen 
Hole” Reservoir, filling via the Goshen Hole Supply Canal), Hawk Springs (filling via the 
Hawk Springs Reservoir Supply Ditch), and Bump Sullivan (“Goshen” Reservoir, filling 
via the Hughes Ditch).  

The Hawk Springs Reservoir is the largest reservoir appropriation in the study area, with 
a 1908 right to accrue 15,718 acre-ft and a 1913 right to accrue an additional 1,017 
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acre-ft. Since 1985, the reservoir has been required to maintain a minimum recreation 
pool of 1,779 ac-ft, reducing the available irrigation storage. 

Although the junction of Bear Creek and Horse Creek was effectively moved to a point 
upstream of the Wye Cross No. 2 diversion (via the “cut-across” ditch) in order to give 
Hawk Springs Reservoir access to Bear Creek inflows, senior rights on Bear Creek are 
generally exercised year-round and preclude significant Bear Creek contributions to 
Horse Creek, even during the “winter” season. Approximately 2 miles of the natural 
channel of Horse Creek below this point were thus abandoned. (Figure 3.3 shows the 
pre-development channel with a dashed line.)   

Horse Creek was also redirected to flow down the former alignment of the Spy Ditch, 
moving the current Spy Ditch headgate (from the re-aligned channel) to a point just 
above the diversion to Hawk Springs Reservoir (also from the re-aligned channel). 
Although facilities are in place to return water to the creek at the Reservoir diversion, this 
is a rare occurrence and the channel has limited capacity (Mehling, personal 
communication, 11/10). Thus, the natural channel of Horse Creek from the original Spy 
Ditch diversion to the return channel from the Reservoir Supply Ditch headgate has been 
abandoned.  

Because Hawk Springs Reservoir inundated the historical Hawk Springs, the natural flow 
of which is appropriated to the Hawk Springs Ditch (8.57 cfs; 1893 priority), the springs 
can no longer be discerned and the reservoir owners agreed to supply the full water right 
through release of reservoir water. 

According to Mehling (personal communication, 11/10), in order to maximize the storage 
of available stream flow, all water present at the Hawk Springs Reservoir Supply Ditch is 
commonly diverted into the reservoir. If the downstream senior “Springer” right (1902 
priority) does not fill from gains below Hawk Springs Reservoir, a portion of the Hawk 
Springs Reservoir storage (1908 priority) is considered to have been stored out of 
priority and is released to fill Springer Reservoir17. Thus, the Springer storage right 
commonly fills; the Hawk Springs Reservoir right commonly accrues substantial water 
but does not fill; and the junior Bump Sullivan storage right commonly accrues no water. 
(This efficient “store high” operation is commonly described in the notes of former 
Hydrographer Jim Ward, but is reported to have been the subject of some disagreement 
with the HCCD board in recent years.) 

Between 1965 and 1975, 14 groundwater permits were issued to the Horse Creek 
Conservation District (HCCD) for irrigation and reservoir supply, with a total permit yield 

                                                 
17 The “one-fill” accrual right of these reservoirs is measured at their point of diversion from Horse Creek, 
i.e. seepage losses and reservoir evaporation may preclude reservoir contents from reaching the full 
water-right capacity (Mehling, personal communication, 11/10). 
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of 12,120 gpm (27 cfs). These wells are all located near the southeast corner of Hawk 
Springs Reservoir (see Figure 3.1) and pumped directly into the reservoir.  

The use of these wells was hotly contested in the late 1970s, including litigation at 
various court levels, due to concerns with impacts to water levels in irrigation wells to the 
south and southeast. These actions precipitated limitations on the pumping of the HCCD 
wells to a rate not exceeding 50 ac-ft/day (11,314 gpm), during the period between April 
1 and June 15, as long as the total storage in Hawk Springs Reservoir does not exceed 
7,000 ac-ft. Pumping beyond these limitations is allowed, but only for contemporaneous 
irrigation (not for reservoir storage) (Wyoming State Board of Control Order Record No. 
22, p. 5; 1977). 

Borchert (1985) compiled pumping records for the HCCD wells for the period 1962 – 
1979, showing first use in 1966 (approximately 2,000 ac-ft) and growing to 
approximately 5,000 ac-ft in 1970, and averaging approximately 3,000 ac-ft/yr through 
the 1970s. Use of the HCCD wells was discontinued in 1983. 

In summary, the current surface water irrigation facilities have all been in place since the 
earliest 1900s. Local memories paint a picture similar to that described above 
throughout the period since then, i.e. serial dewatering of the creek, relatively junior 
rights diverting as early as possible before senior rights called for regulation, and Hawk 
Springs and other reservoirs accumulating anything that was left over.  

Figure 3.5 shows the diversion for the Goshen Hole Supply Canal, at the downstream 
end of this discussion. The channel to the left is the reservoir-supply ditch. The channel 
to the right is the natural course of Horse Creek. The vegetation growth and vague 
definition of the latter reflect the rarity of flow in Horse Creek below this point.  Mehling 
reports that the dam boards on the Horse Creek side of this diversion were removed for 
a short period in 2010, for the first time in the 19 years he has been the local WSEO 
Hydrographer. Under all but the most extreme historical conditions, no Horse Creek flow 
passes this point. 

3.2.3 Diversion Data 

Measured flow data – for either stream flow or diversions – for the middle and upper 
reaches of the Horse Creek basin are rare. The annual Hydrographers Reports typically 
include only notations as to which diversions are “ON” or  “OFF” at the time of 
observation (commonly every 1 - 2 weeks) because the “all available flow” most 
diversions take when in priority is rarely as much as their full water right. (Figure 3.4 was 
developed from the annual Hydrographers Reports.)  Reservoir storage contents are 
more consistently reported numerically. See discussion in Chapter 2 of the use of 
reservoir storage as an indication of stream flow. 
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Table 3.2 has been developed as a generalized approximation of typical flows and 
diversions during the dry period of the 2000s, based on estimates by Mehling, the limited 
stream flow and reservoir storage record discussed above, Borchert’s (1985, Table 1) 
compilation of measurements for 1973 to 1979, and the sporadic diversion values 
reported in the annual Hydrographers Reports. Substantial variations from these values 
are expected on a daily, seasonal, and year-to-year basis. 

The average total annual diversions for the ditches listed on Table 3.2 are 17,378 ac-ft. 
The average for these same ditches as measured by Borchert (1985, Table 1) for the 
1973 to 1979 period is 17,300 ac-ft. Of course, a substantial portion of the diverted water 
returns to the aquifer as recharge (or to the stream as wastewater). Assuming an 
average consumptive use ratio of 50%, approximately 9,000 ac-ft/yr of water are 
consumed, on average, by surface water irrigation and 9,000 acre-ft/yr are returned to 
the aquifer via recharge beneath ditches and fields. 

We have reviewed the 1953 - 1971 diaries of Hydrographer Jim Ward and extracted the 
limited diversion measurements recorded there for the LaGrange area ditches, in an 
attempt to document conditions prior to the development of the bulk of the groundwater 
irrigation. Unfortunately, the data are too sparse and too variable to provide a meaningful 
comparison with post-development conditions. No estimates have been developed for 
irrigation diversions outside the LaGrange area. 

Annual inflows to Hawk Springs Reservoir were discussed in Section 3.2.2. The great 
majority of reservoir storage takes place from January through April, commonly 
averaging net increase rates of 25 - 30 cfs over the full period of record, 15 - 20 cfs 
during the 2000s. 

3.3 Groundwater Irrigation 

3.3.1 History and Patterns of Irrigation 

The first groundwater irrigation wells drilled in the study area have a priority of 1936. In 
1949, Babcock and Rapp (1952) found eight irrigation wells in the Horse/Bear Creek 
Basin above Hawk Springs Reservoir, four between the two creeks just west of 
LaGrange, one at the southeast corner of LaGrange, and three in the area north of 
LaGrange and east of Horse Creek. 

Figure 3.6 presents the history of irrigation well development, expressed as cumulative 
permitted discharge (gpm). Of course, no irrigation well will be pumped at the permit rate 
year-round; the actual average discharge is far less than the total permitted. The great 
majority of groundwater irrigation development in the study area occurred from 1962 to 
1977. In 1977, James Ward, Horse Creek Hydrographer, stated, “More and more 
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sprinklers are being put in every year”, (1976-1977 Annual Report). This growth was 
also the impetus behind the two USGS reports authored by Borchert (1976, 1985). 

Table 3.3 lists pertinent information for all permitted irrigation wells in the study area. 
(The table includes a small number of wells permitted for other uses, examined to 
provide data in select areas without irrigation wells.)  The listings are segregated into the 
area around LaGrange, upstream, and downstream areas. There are very few irrigation 
wells in the last group due to poor productivity of the formations present in that area. 

Groundwater irrigation wells have been developed both to provide an “additional” supply 
to lands also permitted to receive surface water, and to provide an “original” supply to 
new lands, not previously irrigated. As discussed above, due to the imprecise manner in 
which early surface water rights were described in this area, it is often unclear whether 
or not an irrigation well provides “additional” or “original” supply without researching the 
detailed history of a particular installation.  

Figure 2.9 shows the location of irrigation wells across the Horse Creek Basin. As 
discussed in relation to the various aquifers, the greatest densities of irrigation wells 
have been developed in the productive alluvial/Brule aquifer in the LaGrange area. 
Upstream of the LaGrange area, groundwater irrigation is limited. Useful wells have 
been completed in the relatively thin and narrow alluvial aquifer along Horse and Bear 
Creeks and their tributaries and, in some cases, in locally-productive portions of the 
Brule and Arikaree Formations remote from perennial streams. 

Babcock and Rapp (1952), based on 1949 field work, estimated that the total amount of 
water pumped for irrigation in the entire Horse/Bear Creek basin above Hawk Springs 
Reservoir “probably does not exceed a few hundred acre feet.”  Borchert (1985) 
compiled power records to estimate groundwater pumping from the LaGrange area from 
1962 to 1979.  Figure 3.7 presents those data (Borchert 1985; Figure 9), as he 
segregated between east of Horse Creek, west of Horse Creek, and Horse Creek 
Irrigation District. His initial value of approximately 550 ac-ft/yr (1962) suggests relatively 
little growth since the late 1940s. Commensurate with the permitting activity presented 
on Figure 3.6, total groundwater irrigation pumping increased rapidly starting in 1966. 
Figure 3.6 also demonstrates that almost all of the present irrigation-well capacity was in 
place by 1977, i.e. the Borchert (1985) study fully captured the major period of 
groundwater development.  

Borchert’s compilations for the period of nearly-full development (1975 - 1979) provide 
an annual average groundwater irrigation production of approximately 7,000 ac-ft, not 
including the pumping by HCCD. Consideration of either annual precipitation at 
LaGrange or the Region 8 PDSI indicates this was a drier-than-average period. Thus, 
the somewhat lower pumping per well likely to occur with less dry conditions is assumed 



IRRIGATION DEVELOPMENT AND REGULATION 
Horse Creek Groundwater / Surface Water Connection Investigation 
 
 

Final Report Page 3-12 
October 2011 

to compensate for the small expansion in the number of irrigation wells since 1979, and 
Borchert’s 7,000 ac-ft is assumed to roughly approximate normal conditions under the 
current-day level of development. Given the expense of groundwater pumping, the ability 
to pump only what and when needed, and the likelihood of deficit irrigation in this area, a 
consumptive use ratio of 1.0 is assumed, i.e. all groundwater pumped is consumed 
(either by plant ET or sprinkler spray loss). (Observing that the pumping rates he had 
estimated were chronically below published theoretical crop-water demands, Borchert 
[1985] made this same assumption.) 

The data behind Figures 2.9 and 3.6 demonstrate that the majority (58%) of irrigation 
wells and the majority of permitted pumping capacity (65%) in the study area are in the 
LaGrange area.  Assuming approximately the same ratio of measured production to 
permitted capacity as compiled by Borchert (1985) for the LaGrange area, approximately 
4,600 ac-ft/yr of groundwater is pumped for irrigation outside the LaGrange area18. 

3.3.2 HCCD Wells    

As noted above, the Horse Creek Conservation District has 14 wells permitted for 
irrigation use. Their wells are located in T21N, R61W, Secs. 15 and 22, along the 
southeast margin of Hawk Springs Reservoir. The wells are from 81 to 145 ft deep (100 
ft average). Permit yields range from 425 to 1475 gpm (900 gpm average). Based on 
review of the individual Statements of Completion, we conclude production from most of 
these wells is from the Brule Fm., beneath 20 - 30 ft of alluvium. (Three of the smaller 
wells are completed in both the Brule Fm. and the alluvium.) 

WSEO files provide three sets of measurements of the total actual discharge of the 
HCCD wells, one on July 16, 1976 - 9,067.3 gpm; one on July 16, 1977 - 5,879 gpm; 
and one on June 21, 1979 - 7,170 gpm. Figure 3.7 includes Borchert’s (1985) 
compilations of annual flow for the 1965 (first year of pumping) to 1979 period. The wells 
continued to be used into the early 1980s, but use was discontinued in 1983.  

Figure 3.8 is a hydrograph for a groundwater monitor well approximately 1.5 miles south 
of the HCCD wells. Comparison with Figure 3.7 over the short period of overlap 
indicates production from the HCCD wells as a major cause of the anomalous 
groundwater-level declines of the late 1970s. (The Figure 3.7 data indicate the discharge 
of the non-HCCD irrigation wells in the area was fairly constant.)  However, the 
groundwater levels of the 2000s, long after the HCCD wells ceased production, 
demonstrate that regional drought was also an important factor.  

                                                 
18 Total non-HCCD irrigation well permit yield for the LaGrange area is 60,120 gpm. Total irrigation yield 
for the remainder of the Horse Creek basin above the Ft. Laramie Canal is 39,665 gpm. 
(39,665/60,120)*7,000 = 4,618 ac-ft. 
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The HCCD wells were the focus of extended litigation in the late 1970s. A Dec. 2, 1977 
order of the State Board of Control clarified the water right to include limitations on the 
extraction of groundwater for storage in Hawk Springs Reservoir, i.e. a maximum rate of 
50 ac-ft/day (approx. 11,000 gpm) starting no earlier than April 1 and only when total 
storage in the reservoir is less than 7,000 ac-ft. Pumping beyond these limits is restricted 
to direct delivery for contemporaneous irrigation. 

3.3.3 Groundwater Regulation 

There are over 1,000 permitted groundwater wells in the Horse Creek Basin above 
Hawk Springs Reservoir. These include small, exclusively stock and domestic wells 
(921), the 101 irrigation wells listed in Table 3.3 (for which irrigation is one of the 
permitted uses), and 72 wells permitted for other uses (not including irrigation; see 
Appendix 4). Each permit includes a specified priority date, and, at a minimum, a 
location, rate of diversion, type of use, and place of use; just as with surface 
appropriations.  

The basic provisions for regulation of groundwater in priority with surface appropriations 
were laid out in Chapter 1 of this report. Groundwater permits are also subject to 
complaints of “interference”, e.g. where the holder of a senior groundwater permit feels 
operations under a junior groundwater permit have compromised the senior’s ability to 
withdraw the water to which he/she is entitled. These issues typically involve a small 
number of individual permits in close proximity to one another, e.g. two irrigation wells, 
or a spring that may be impacted by a nearby well.  

Although submitted as a request for “an investigation into the interference” of wells, the 
April 1, 2009 letter from 33 local irrigators that precipitated the present study also 
requested that “all wells in the area be regulated in priority to allow Hawk Springs 
Reservoir to fill.”  The WSEO chose to proceed under the latter characterization - a call 
for priority regulation - under the terms of the statute cited in Chapter 1. Cursory 
comparison of Table 2.2 with either Figure 3.3 or the details of Appendix 3 confirms that 
nearly all groundwater permits in the study area are junior to nearly all surface water 
permits. 

Although the issue is by no means new with the 2009 letter (see chronology below), to 
our knowledge to date no wells in the study area have been formally regulated in priority 
with surface water appropriations nor with respect to interference between one 
another19. 

                                                 
19 Interference between the HCCD reservoir-supply wells and non-HCCD irrigation wells to the south and 
southeast was claimed as part of a late 1970s objection to a petition for water-rights clarification by 
HCCD, but no specific determination was made. 
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3.4 Regulatory Disputes 

Due to the chronically scarce water supply in the basin, there has been a long history of 
discussion and dispute over the proper allocation of water resources. A brief inspection 
of WSEO files documents the following20: 

 1934/35 – abandonment of acreage under various ditches upon petition from Horse 
Creek Conservation District. 

 1965 – The Horse Creek Conservation District protested the issuance of a 
groundwater permit for a high-yield irrigation well “on the farm of John and Curtis 
Meier” that “is in a direct line with the flowing springs that feed the Hawk Springs 
Reservoir” (2/16/65 letter from HCCD to Floyd Bishop).  

 1967 – The State Engineer’s Office expressed concern with the potential impacts of 
Horse Creek Conservation District wells on local groundwater resources. 

 1971 – State Engineer Floyd Bishop reported “some question as to whether or not 
use of groundwater near LaGrange is also interfering with surface water rights along 
Horse Creek”. Based on review of the area aquifers and groundwater levels and the 
recent surge in groundwater-irrigation development, Bishop recommended the 
LaGrange area be declared an underground water “critical area” (the precursor to 
today’s “Groundwater Control Areas”) and requested that the Board of Control hold a 
hearing on the matter (1/29/71 memo from Bishop to Board of Control). A 4/23/71 
letter to Superintendent Earl Michael from “The Underground Water Association” 
describes a decision to “postpone” this issue pending further study. 

 1976 – Complaints about irrigation wells depleting the flows of Fox and Bear Creek 
generated a suggestion from Hydrographer Jim Ward and Division Superintendent 
Earl Michael that all wells within ½ mile of a live stream, reservoir, or irrigation canal 
be subject to regulation in priority with surface rights (1/30/76 letter from Michael to 
Richard Stockdale). 

 1976 – The State Engineer held a public meeting to consider establishment of a 
Groundwater Control Area around LaGrange. No action was subsequently taken. 

 1976 - A dispute regarding well-to-well interference around the Sherard-Ward gravel 
pit between Horse and Bear Creeks (T20N, R61W, Sec. 32) was resolved through 
well relocation and pumping restrictions (e.g. 6/1/76 letter from W.A. Gross to 
Richard Stockdale). 

                                                 
20 This list is not represented as complete, but provides a representative sample of the issues. 
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 1976 - Curtis Meier formally requested a WSEO investigation of the impact on 
groundwater levels in irrigation wells on his property due to the pumping of reservoir-
supply / irrigation wells by HCCD. The WSEO 1978 Annual Report refers to 
“numerous complaints ... alleging interference between wells”. 

 1977-1980 – a lengthy dispute between HCCD and the Meiers’ interests regarding 
the negative impacts of HCCD reservoir-supply / irrigation wells on Meiers’ irrigation 
wells southeast of Hawk Springs Reservoir resulted in clarification of the HCCD 
groundwater rights to include storage, but with time and volume restrictions on the 
use of the HCCD wells.  

 1977 – The owners of the water right from the springs inundated by Hawk Springs 
Reservoir filed a complaint that “wells in the LaGrange aquifer” had lowered the 
water table to the point where HCCD was unable to meet “their commitment to the 
contract of 1912 for delivery of water for permit #482.” 

 1978 – A petition to the Board of Control by HCCD for abandonment of acreage 
under the Horse Creek No. 1 Ditch for lack of irrigation was successful. That permit 
was reduced from 4,500 acres to 2,140 acres, with a commensurate reduction in 
allowable diversion rate from 45.51 cfs to 21.63 cfs. (The capacity of the Horse 
Creek No. 1 Ditch and its historical diversions were found to be between 15 and 20 
cfs.)  In this decision, the Board of Control concluded that “subirrigation as practiced 
... from the Horse Creek Ditch No. 1 ...is contrary to law to the extent that ... it allows 
for the recharge of the underlying groundwater aquifer, which recharge is not a use 
for which the right was appropriated.” (BOC Record No. 23, Page 367.) 

 1981 – A hearing to consider establishing a groundwater control area in the Horse 
Creek Basin was held by the Board of Control. “The Board ultimately voted to not 
designate a control area in the vicinity of LaGrange at the present time.” (1981 
WSEO Annual Report.) 

 1982 – A petition to the Board of Control by John Meier & Son, Inc. for abandonment 
of acreage under the Brown & LaGrange Ditch for lack of irrigation was partially 
successful. That permit was reduced from 600 acres to 514.7 acres, with a 
commensurate reduction in allowable diversion rate from 39.6 cfs to 33.97 cfs.  

 2009 – A petition to WSEO from water users under Hawk Springs Reservoir 
requested “all the wells in this area be regulated in priority to allow Hawk Springs 
Reservoir to fill.” (2/18/09 letter to WSEO.) 
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CHAPTER 4 – MODEL DEVELOPMENT AND CALIBRATION  

The objective of the modeling discussed in this report is to evaluate impacts of pumping 
wells to Horse Creek, Bear Creek, and the Hawk Springs Reservoir. To accomplish this, 
a numerical model was developed for the LaGrange area and an analytical model 
(Glover analysis) was applied for areas further upstream. A numerical model was used 
for the LaGrange area because such a model is better suited to address the 
complexities that exist in that area (e.g. discrimination of impacts to select reaches, 
impacts to reservoir groundwater inflows, multiple streams, aquifer boundaries, varying 
aquifer thickness and permeability) and the more focused interest in aquifer/stream 
interactions. The Glover analysis was used for wells upstream of the LaGrange area 
because the wells there are more sparse and there is less need to discriminate impacts 
between individual stream reaches.  

Virtually any mathematical model, from gas mileage to groundwater flow, is an 
approximation of the physical system. None capture every detail. As additional detail is 
built into a model, the complexity and expense of the model can increase dramatically. A 
successful model is one which provides useful answers, at a level of accuracy 
appropriate to the questions being asked, within the budgetary and time constraints of 
the project. The numerical model presented below divides the main water-bearing 
deposits of the LaGrange area into 1,000 ft X 1,000 ft “cells”, and assumes that the 
properties of permeability, storativity, and thickness are uniform throughout each cell. 
This is considered to be an appropriate approximation of the physical system over the 
130 square miles of the modeled area. The model is not presented as providing precise 
representation of how groundwater responds to the pumping of an individual well, i.e. a 
cylinder approximately 1 ft in diameter, which may or may not penetrate a high-
permeability fracture in the Brule Formation. Such a well will respond to aquifer 
variations on a scale much finer than the 1,000-ft model cells.  

Similarly, the groundwater model presented here is constructed to reflect generalized 
water table elevations, stream flow, ditch diversions, and reservoir water levels. In detail, 
each of these components may vary on a daily, even hourly, basis and each will vary 
from year to year. For the purpose of informing a general understanding of how irrigation 
pumping impacts stream flows in Horse Creek, replication of these variations is not 
necessary; the model uses annual averages and flows considered to be typical by those 
with long experience in the area. Although the mathematics of the model can produce 
results with any number of decimal places, the results should be understood to be 
approximations of the physical system – approximations at the same level of 
generalization as the cell size and the input parameters. If more detailed simulation of 
the physical system were needed, development of a more detailed groundwater model 
would be required.  
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Still, the fundamental basis for all groundwater modeling is the concept of a mass 
balance. Although the details of what water is present where and when cannot be fully 
captured by any model, all properly constructed models will rigorously account for all 
water present. As quoted in Chapter 1, there is no “magic” in groundwater, “it had to 
come from somewhere.” Chapter 5 discusses the transient management scenario runs, 
and Chapter 6 presents the results of the unit response functions derived with the 
numerical model. Discussion and results of the Glover analysis can be found at the end 
of this chapter (Chapter 4). Chapter 7 provides a summary of results and discussion of 
application of groundwater investigations and modeling to water-right regulation issues. 

4.1 Introduction to the Numerical Model 

Using MODFLOW, a standard and widely applied U.S. Geological Survey groundwater 
modeling code, we developed a numerical computer model of the LaGrange aquifer. The 
objective was to simulate the groundwater flow and groundwater/surface water 
interaction in the LaGrange portion of the Horse Creek basin. The model was used to 
estimate the changes in groundwater flow and stream flow when distinct areas of the 
aquifer were subjected to changes in pumping stress. A steady state simulation was 
developed and calibrated. After the model was calibrated, we converted it to a transient 
model and used it to evaluate management scenarios and to develop unit response 
functions for individual irrigation wells. The development and results of these two items 
are discussed in Chapter 5 and Chapter 6, respectively. 

The model domain encompasses 130 square miles surrounding the Town of LaGrange 
in south-eastern Goshen County, Wyoming. The boundaries of the model domain are 
based generally on a digital groundwater model created by William Borchert in the 1980s 
and documented in two open-file reports of the USGS.  

We were unable to obtain the actual model files that Borchert created in the 1980s. 
Therefore the model attempts to reasonably replicate Borchert’s digital model based on 
the information he provided in the published reports. Documentation of Borchert’s model 
inputs and results is used as a starting point and calibration target. Borchert’s input 
values are used where applicable; however, where values are not described in sufficient 
detail we rely on information from knowledgeable individuals (such as the Hydrographer 
Commissioner) and analysis of the geology and hydrogeology of the model domain (see 
Chapters 2 and 3). We turned to Borchert for data that do not exist elsewhere and for his 
previous model specifics, when we concluded his values were appropriate for the area.  

Data used to build the model were obtained from two USGS Water-Resources 
Investigations Open-file reports by William Borchert, completed for the LaGrange area in 
1976 and 1985 (see Chapter 8 - References). Information was also gathered from the 
current Hydrographer Commissioner for Water Division 1, District 2 (Gary Mehling), 
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groundwater level information from wells monitored and recorded by the USGS (USGS 
National Water Information System), WSEO monitor well data, drillers logs, mapped 
geology (as referenced in Chapter 2: Rapp et al., 1957; Lowry, Morris, and Babcock, 
1960) and existing spatial data such as digital elevation model files. 

The model was created using MODFLOW-SURFACT version 3.0 (created by 
HydroGeoLogic for use with the publically available USGS MODFLOW code) and the 
Groundwater Vistas Version 5 graphical user interface. The PCG4 solver was used.  

4.2 Theoretical Basis 

MODFLOW is a program that uses the finite difference method to solve a three-
dimensional groundwater flow equation. The groundwater equation uses hydraulic 
conductivity, volumetric flux of water, and specific storage to solve for the potentiometric 
head over time. 

The partial differential equation is: 
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Where: 

 KXX, KYY, and KZZ are values of hydraulic conductivity along the x, y, and z coordinate 
axes, which are assumed to be parallel to the major axes of hydraulic conductivity 
(L/T); 

 h is the potentiometric head (L); 

 W is a volumetric flux per unit volume representing sources and/or sinks of water, 
with W<0 for flow out of the groundwater system and W>0 for flow into the system 
(1/T); 

 SS is the specific storage of the porous material (1/L) (set to zero for steady state 
simulations); and 

 t is time (T). 

MODFLOW uses the finite difference method to solve this equation numerically by 
dividing the model domain into grid cells and calculating the head at a node in the center 
of each cell. A complete discussion of the equations used in the software is available in 
the USGS open-file report 00-92, “MODFLOW-2000, the U.S. Geological Survey 
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Modular Ground-Water Model – User Guide to Modularization Concepts and the 
Ground-Water Flow Process.”  

4.3 Model Development 

To solve the groundwater flow equation, it is necessary to define the boundaries of the 
area of interest. The model can be thought of as a three-dimensional box that is cut out 
of the earth and isolated. The boundaries of the model to the north, south, east, and 
west generally replicate Borchert’s boundaries. The top boundary of the model is the 
ground surface elevation, and the bottom boundary is the mapped elevation of the 
bottom of the LaGrange aquifer. The model domain is gridded to create cells that are 
1,000 ft on a side and as deep as the difference between the ground surface elevation 
and the bottom of the aquifer. Gridding is done so the groundwater equation can be 
applied to each cell and systematically solved for the entire model domain. Without 
setting model boundaries and defining a grid, we would not have the structure needed to 
solve the flow equations. 

The groundwater model was developed using Groundwater Vistas as a graphical 
interface between the user and the source code. Since the objective of this model is to 
represent the groundwater environment in the LaGrange area, real-world properties 
such as stratigraphy, geology, flow boundaries, and field observations must be 
translated mathematically into grid structure, model parameters, boundary conditions, 
and observation targets. The following is a description of the parameters in the Horse 
Creek model. The input files used to run the model are provided in Appendix 5. Figure 
4.1 shows a topographic map of the model domain overlain by model boundaries and 
grid cell configuration. 

4.4 Finite-difference Grid 

The grid used in the groundwater model consists of 57 rows and 63 columns. The grid 
spacing is uniform; each cell is 1,000 ft on a side. There are 3,591 cells, and the model 
represents a total area of approximately 130 square miles. As with Borchert’s model, the 
grid was oriented so that the direction of maximum changes in hydraulic conductivity and 
potentiometric-surface gradient were as perpendicular to the cell boundaries as possible. 
This orientation results in a clockwise rotation of 33.5 degrees from a north-south 
orientation. Physically, the northwest boundary represents the north-western edge of the 
LaGrange aquifer as Horse Creek flows north past the Hawk Springs Reservoir, the 
northeast boundary is defined by the hydraulic divide along Sixty-Six Mountain, the 
southeast boundary represents an area where flows are largely parallel to the boundary, 
and the southwest boundary is located to encompass the productive aquifer; both 
groundwater and surface water (Horse and Bear Creeks) enter the model domain along 
this edge. 
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4.5 Elevations and Saturated Thickness 

Assigning top and bottom elevations to the model completes the three-dimensional 
modeling space. The top elevation in the model represents the ground surface elevation 
of the study area. Elevations were obtained from the USGS’s National Elevation Dataset 
(NED) release of December 2009. The raster files from this dataset are ten-meter Digital 
Elevation Models (DEMs). The rasters were brought into ArcGIS and the elevation 
values were averaged over each grid cell to produce one elevation value per cell. These 
values were imported into Groundwater Vistas to create the top elevation of the model.  

The bottom elevation was derived from Borchert’s figure showing the geology and 
structure contours of the base of the LaGrange aquifer (Borchert Plate 1, 1985). The 
figure was scanned and geo-referenced in ArcGIS. The structure contours were digitized 
and the polylines were converted to a raster. Then, as with the top elevation, the raster 
was overlain on the model grid and the elevation values were averaged over the grid 
cells to produce one elevation value per cell. These values were imported into 
Groundwater Vistas to create the bottom elevation of the model. 

In some locations, notably where Horse Creek exits the model at the northwest 
boundary and where Bear Creek enters the model near the western corner, the model 
thickness (difference between the top elevation and the bottom elevation) was quite thin, 
and there were a few instances where the cell-wide averaging technique produced a 
bottom elevation value slightly higher than the top elevation value. For all cells in the 
model where thickness was less than 25 ft21, the bottom elevation was manually 
adjusted to create at least a 25-ft difference between the top elevation and the bottom 
elevation. In other words, the modeled aquifer was constrained to be at least 25 ft thick 
at all locations.  

The saturated thickness of the model aquifer is determined by the elevation of 
groundwater throughout the model. The saturated thickness generally varies from 25 ft 
near the northwest boundary of the model where Horse Creek flows out of the model 
domain to over 500 ft in the eastern corner, where groundwater underflows are assumed 
to exit the model domain to the east (i.e. the water goes to the Pumpkin Creek drainage 
and does not feed into the Horse Creek or Bear Creek drainages). 

  

                                                 
21 The 25-ft designation is based on the necessity that the cells have some thickness for MODFLOW to 
calculate their heads properly, but with the knowledge that the actual aquifer gets thin near the north 
boundary of the model as it encounters the Lance Fm. 
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4.6 Boundary Conditions 

In general, boundary conditions are included in the model to represent identifiable 
geologic and hydrologic features. These can include geologic divides, surface water 
divides, or groundwater divides. Boundary conditions are also required at the edges of 
the model domain in order to solve the groundwater flow equation. The types of 
boundary conditions used in this model are: 

 No-flow boundary  

 General head boundary 

 Constant flux boundary 

 Head-dependent flux boundary 

No-flow boundary cells are placed around the edges of the model and define the limits of 
the groundwater solution. No-flow cells were generally placed where Borchert had no-
flow boundary cells in his model. Additionally, a no-flow boundary was assigned to the 
groundwater divide at Sixty-Six Mountain because the geology and potentiometric 
contours (as mapped by Borchert, 1985, Plates 2 and 3) indicate that groundwater on 
the northeast side of Sixty-Six Mountain does not influence the model domain. (In this 
area, the active model domain is somewhat smaller than that of Borchert.)  Physically, 
these cells represent the points beyond which groundwater flows away from, rather into, 
the Horse Creek basin. Although not explicitly modeled, the bottom of the aquifer also 
represents a no-flow boundary, i.e. groundwater communication with underlying 
materials is considered to be insignificant relative to the groundwater flow within the 
model domain. 

General head boundary cells were used to allow groundwater to flow out of the model on 
the northern side of the model domain. This boundary allows for a variable flux of water 
out depending on the aquifer heads in the model domain. The general head boundary 
was estimated from Borchert’s map of 1973 potentiometric contours and assigned an 
elevation of 4,435 feet. Physically, these cells represent the thin alluvial aquifer 
associated with Horse Creek adjacent to the north side of Hawk Springs Reservoir. 

The constant flux boundary cells represent pumping irrigation wells. These are assigned 
a constant pumping rate (negative flow, i.e. out of the aquifer). Irrigation wells were 
identified through Wyoming State Engineer’s Office groundwater permits. The spatial 
locations of the wells were ascertained through aerial photographs, survey distances 
and quadrant bearings, and existing maps. The wells were digitized in ArcGIS and the 
model grid was superimposed upon them. Row/column locations were recorded and the 
wells were imported into Groundwater Vistas. Pumping rates were first taken from 
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permitted discharge rates. Because irrigation wells do not pump continuously at the full 
permit rate, these values were then scaled down to agree with Borchert’s record of 
groundwater pumpage between 1973 and 1980 per designated area (see Figure 9 on p. 
19 of Borchert 1985). Borchert designated three general areas of wells: Horse Creek 
Conservation District (the wells along the southeast margin of Hawk Springs Reservoir), 
wells east of Horse Creek, and wells west of Horse Creek and the remaining area. 
Pumping values for these three areas were set at 2,800 ac-ft, 2,300 ac-ft, and 4,800 ac-
ft per year, respectively. Figure 4.2 shows the locations of the mapped irrigation wells 
and the well cells in which they occur in the model. If more than one well is located in the 
same model cell, the pumping rates were summed for that cell. 

Head-dependent flux boundary cells were used to represent the surface water in the 
model (streams, ditches, and the Hawk Springs Reservoir). This type of boundary allows 
the flow of water into and out of the aquifer to vary based on the head in the aquifer, the 
head in the stream, ditch, or reservoir, and the hydraulic conductivity of the layer 
between the two heads. These boundary cells allowed the model to be calibrated to 
observations of stream gains and losses throughout the model domain. The MODFLOW 
River package was used to represent the Hawk Springs Reservoir. For the streams and 
ditches, the MODFLOW SFR1 package was used. 

Where Borchert assigned constant head cells around the perimeter of his model, we 
opted to use recharge zones instead. The reason for this is we feel recharge zones 
better capture the amount of water flowing into and out of the model domain, whereas 
constant head cells can force more water than is realistic into the modeled aquifer (by 
holding the water level at the model boundaries constant). The use of recharge cells is 
discussed later in this chapter.  

4.7 Streams and Ditches 

The two streams in the model domain are Horse Creek and Bear Creek. The streams 
are modeled using the SFR1 package (documented in Prudic et al, 2004), which was 
designed to simulate stream-aquifer interaction in MODFLOW-2000. The streams are 
entered as segments, which represent a group of cells that have similar properties22. 
Cells are numbered sequentially from upstream to downstream. In the model, Horse 
Creek is made up of ten segments and Bear Creek is made up of four segments.  

Ditches are modeled similarly to streams but divert a set quantity of water from the 
connecting stream segment. All ditches are made up of one segment each, though the 
number of cells varies by ditch. Ditch diversions were obtained from Borchert’s reports 

                                                 
22 These properties include uniform overland flow, precipitation, and evapotranspiration, and uniform or 
linearly changing streambed elevation, thickness, hydraulic conductivity, stream depth, and stream width 
(Prudic et al, 2004).  
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(1985, Table 1, p. 17) and from general estimates developed with the Hydrographer 
Commissioner. 

Table 4.1 presents the 24 “stream” segments in the model, the stream or ditch they 
represent, and the assumed flow in or being diverted to the segment, as applicable. The 
flows are averaged over a full year. As explained in Chapter 3, the seasonal 
diversion/flow rates for these streams and ditches vary. Figure 4.3 shows the segments 
graphically. Stream flow rates and ditch diversions will vary seasonally, so an effort has 
been made to average the flows and diversions to create an annualized average water 
year representative of conditions in the early 1970s and today (conditions are similar 
between the two time periods). Ditch diversion rates were obtained from Borchert (1985, 
p. 17) and stream flow rates were obtained as described in Chapter 2. 

Table 4.1 also presents the hydraulic conductivity of the streambed. Seepage loss from 
ditches was represented using the irrigation recharge zone (explained later in this 
chapter) rather than the SFR1 package, therefore ditch hydraulic conductivity was set to 
zero. Seepage losses and gains are allowed in the streams, which is why those 
segments have a hydraulic conductivity greater than zero. As we had no specific data for 
streambed hydraulic conductivity, it was manually adjusted within a range of reasonable 
values for similar streams (between 0.1 and 20 ft/day) to arrive at values that met the 
calibration targets. Although currently the ditch cells serve no purpose other than to 
remove water from the stream, in the future ditch seepage loss can be modeled explicitly 
by changing the hydraulic conductivity of the ditch cells. 

One note about the surface water diversions in this model: MODFLOW is first and 
foremost a groundwater flow model, and does not explicitly include surface water 
diversion priorities or management decisions. In choosing the flows and diversions to put 
into the model, we looked to actual historical diversions as indicators of the hydrologic, 
water-rights, and management constraints under which the ditches have been 
administered. Water is removed from the model domain at approximate points of 
diversion in quantities equal to annualized historical diversions, and it is added back to 
the model domain as recharge in areas of historical irrigation application. As such, if in 
the model a senior water right is not satisfied because a junior ditch has taken the water 
instead, it does not impact the results because the same quantity of water is recharged 
to the same areas regardless of which ditch it was removed from.  

4.8 Hawk Springs Reservoir 

The reservoir is represented using “river” cells, which allow for variable flux across the 
reservoir/aquifer interface depending on the heights of water in the reservoir and the 
aquifer. Even though the package is called the “river” package, it can be used to 
represent a reservoir by specifying the width of the river as the width of the cell. The 
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elevation of the reservoir at steady state was set at 4,480 ft, which is the elevation 
shown on the 1973 potentiometric contour map used for calibration targets (discussed 
later in this chapter).  

4.9 Properties 

Properties differ from boundary conditions in that they represent material properties of 
the geologic formation, such as hydraulic conductivity, porosity, and storage, rather than 
distinct geological features. For example, the hydraulic conductivity of a geologic 
formation is represented as a property, while a confining layer within that geologic 
formation is represented as a boundary condition. Additionally, while the location of, say, 
a stream or reservoir is a known fact, the magnitude and location of hydraulic 
conductivity or recharge areas are typically estimated values. The properties used in the 
calibration model are hydraulic conductivity, recharge, storage, and specific yield. Note 
that evapotranspiration is represented using recharge in the calibration model and as a 
variable zone in the transient model (discussed in Chapter 5).  

4.9.1 Hydraulic Conductivity 

Hydraulic conductivity is a measure of how freely water moves through a medium. The 
velocity at which water moves is a function of hydraulic conductivity and the hydraulic 
gradient. Given the same hydraulic gradient, aquifers with high values of hydraulic 
conductivity, i.e. those in sands and gravels, will have faster-moving water, and aquifer 
with low values of hydraulic conductivity, i.e. those in clays and fine-grained soils, will 
have slower-moving water. As a result of the geology of the LaGrange aquifer (described 
in detail in Chapter 2), the hydraulic conductivity of the aquifer in the model domain 
varies considerably. Borchert reported using values of hydraulic conductivity between 
0.01 and 950 ft/day (Borchert 1985, p. 24), so we used this range as the minimum and 
maximum allowable hydraulic conductivity in our model23 and allowed the model to 
determine the optimum values within that range. Other sources, such as driller’s reports 
from wells constructed and tested in the LaGrange aquifer and known ranges of K for 
the local geological formations generally corroborate a wide range of values, as 
suggested by Borchert. Final values of hydraulic conductivity were determined in 
calibration and are presented in Table 4.2. The distribution of hydraulic conductivity 
(which varies spatially throughout the model) is shown in Figure 4.4.  

                                                 
23 Note that the calibrated model’s actual range of hydraulic conductivity is 0.05 to 251.77 ft/day. During 
calibration the hydraulic conductivity was allowed to range from 0.01 to 950 ft/day, but ultimately the best 
fit to target observations resulted from a smaller range of values. 
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4.9.2 Recharge 

Although “recharge” generally means input to groundwater in a hydrogeologic sense 
(e.g. Chapter 2), in the model, “recharge” is a property that is used to represent water 
going both in and out of the aquifer at a prescribed rate. In the model, recharge is 
entered as a rate (cubic ft per day) per cell area (1x106 square ft), and is defined in 
zones (groups of cells that all share the same recharge rate). For the calibration model, 
the following parameters are represented as recharge zones: 

1. Precipitation infiltration; 

2. Underflow (groundwater entering or exiting the model domain); 

3. Evapotranspiration (which is represented as a recharge zone in the steady state 
calibration model only; in the transient model it becomes a separate zone. This is 
explained further in Chapter 5); and 

4. Irrigation return flow to groundwater (100% of HC#1 diversion, 50% of all other ditch 
diversions). 

The recharge zones are illustrated and labeled in Figure 4.5, and the recharge rate for 
each zone is presented in Table 4.3. In the transient models, ET was converted to a 
linear function of the depth to groundwater, and recharge zones were assigned different 
values to represent their seasonality. This is discussed in detail in Chapter 5. In the 
steady state model, ET removes 600 ac-ft/yr from the aquifer in 17 cells of high 
groundwater table adjacent to Horse Creek.  

Precipitation recharge is assigned to the entire model domain and contributes 3,630 ac-
ft/yr to the aquifer water budget. This is equivalent to 5% of the 15.47 inches of average 
annual rainfall; the value Borchert used in his steady state model. Precipitation recharge 
is one variable used in the sensitivity analysis (discussed later in this chapter). 

Underflow occurs in five areas in the model, as determined from groundwater gradients 
shown by potentiometric contour maps: 

 Underflow out of the model towards Pumpkin Creek watershed in the east 

 Underflow out the model beneath Horse Creek 

 Underflow into the model beneath Bear Creek 

 Underflow into the model beneath Horse Creek and along the south-western 
boundary 

 Southern corner flow into the model 
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Initial values for underflow were obtained by estimating quantities based on presumed 
saturated thickness, calculated gradient, and the underflow quantity presented in 
Borchert’s steady state water budget. Recharge, like hydraulic conductivity, is not well 
documented, so the initial estimates of recharge fluxes were manually adjusted during 
calibration to achieve a balanced aquifer water budget. Underflow adds 3,700 ac-ft/yr to 
the aquifer water budget. 

Irrigation return flow occurs on lands irrigated with surface water, as shown on Figure 
2.15 (LaGrange Area Irrigation and Select Monitor Wells). Groundwater irrigation water 
is assumed to be 100% consumed by crops. Surface water irrigation recharge was 
distributed across the model cells as mapped in Figure 2.15. This recharge amounts to 
7,830 ac-ft per year, and constitutes 50% of the total water diverted from Horse Creek 
and Bear Creek through the ditches between 1973 and 1979 (Borchert used 40%, but 
50% is more representative of flood irrigation efficiencies and accounts for ditch seepage 
loss). The Horse Creek No. 1 Ditch (also referred to as HC #1) is a special case. 
Because this ditch diverts almost exclusively outside the growing season, we have 
adopted the same assumption as Borchert, i.e. 100 percent of the surface water diverted 
becomes groundwater recharge. With this assumption, the Horse Creek No. 1 diversion 
amounts to approximately 1,920 ac-ft/yr of recharge to the aquifer. Taken together, 
irrigation recharge adds 9,750 ac-ft/yr to the aquifer. 

4.9.3 Specific Yield 

Specific yield is the quantity of water released from an aquifer per unit of drawdown, i.e., 
the cubic feet of water that can be withdrawn by gravity from a cubic foot of aquifer. For 
unconfined aquifers of the type present in the study area, typical values range from 0.05 
to 0.20. To reflect the importance of the fractured Brule, which likely has a lower specific 
yield than the alluvial portions of the aquifer, we have adopted the 0.10 specific yield 
suggested by Borchert (1985, p. 25) for the transient runs. Similarly, we chose a storage 
coefficient that is typical for unconfined aquifers, 0.0001 (unitless). 

4.10 Calibration 

The model was created and calibrated as a steady state simulation. The steady state 
model results show groundwater table elevations, stream flows, and stream/aquifer 
interaction over an annualized average water year, and provide insight into the behavior 
of the aquifer as an equilibrium system. The steady state calibration model produced the 
hydraulic conductivity distribution that was used in the transient models.  

The model is calibrated using the following observation targets:  

 1973 groundwater heads (Borchert 1985, Plate 2)  



MANAGEMENT SCENARIOS CALIBRATION 
Horse Creek Groundwater / Surface Water Connection Investigation 
 
 

Final Report Page 4-12 
October 2011 

 Stream flow observations (anecdotal and gage data) 

 Hawk Springs Reservoir accruals (WSEO annual reports, HCCD records and former 
Hydrographer Commissioner diaries) 

 Observations of stream gains and losses (multiple sources, documented in Chapter 
2). 

We use 1970s data for calibration because this is the time period for which the most 
detailed information exists. As noted in Chapter 2, a review of monitor well records in the 
LaGrange area indicates no significant long-term upward or downward trend in 
groundwater levels since the mid-1970s. Because of this, using 1970s data to calibrate 
the model creates a reasonable approximation of current conditions. 

The model was first manually calibrated, and then automatic inverse parameter 
estimation (PEST) was used to attain the best possible fit of modeled values to observed 
values. Calibration parameters are groups of properties that are varied during calibration 
within a range of reasonable values determined by the modeler. The calibration 
parameters that the PEST technique used are hydraulic conductivity and streambed 
conductivity. After PEST provided values for streambed conductivity, these were again 
manually adjusted to arrive at the stream/aquifer flux results that were closest to the field 
observations24. 

Calibration targets are the real-life observation values the model is trying to simulate. 
The 1973 potentiometric surface was translated into 149 head calibration targets. PEST 
then found values of hydraulic conductivity within the assigned range that resulted in the 
closest possible match to these targets. Results of the calibration are shown in Figure 
4.6, a graph comparing the modeled heads to observed heads at the 149 target cells, 
and Figure 4.7, a map with both 1973 contours and simulated contours. 

The quality of the calibration was assessed using residuals, which are the differences 
between modeled values and calibration targets. The residual statistics Root Mean 
Square (RMS) deviation and normalized RMS were calculated to gage the amount of 
error in the model. RMS deviation is a way to measure the difference between what is 
being calculated and what was observed, while accounting for positive/negative 
differences. Mathematically, it is the square root of the average of the squares of the 
residuals. The normalized RMS is simply the RMS divided by the spread of the 
observations. For example, the RMS of the calibrated scenario is 13.8 feet. The spread 

                                                 
24 Due to the anecdotal nature of the stream flow observations, exact flux calibration targets were not 
entered into the model. Rather, we took the results of each calibration run and compared the stream 
fluxes to the target values. Because of this, PEST was not able to incorporate flux targets into its 
optimization process. 
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between the minimum head target and the maximum head target (actual observation 
values) is 357 feet. That is, the groundwater head in the 1973 potentiometric contour 
map had a range (maximum elevation – minimum elevation) of 357 feet. So, the 
normalized RMS is 13.8 feet divided by 357 feet, which equals 3.9%. What this means is 
that model errors are only 3.9% of the overall model response, and the rest of the 
deviation is random “noise.” The industry standard in groundwater model calibration is 
that a normalized RMS of 10% is considered acceptable, and one that is less than 5% is 
considered quite good (personal communication, Daniel Gomes and Robert Cleary, 
National Ground Water Association, 5/2011). Therefore, with a normalized RMS of 3.9%, 
our model does a good job of simulating heads in the LaGrange aquifer. 

Figure 4.7 shows the modeled heads superimposed on Borchert’s 1973 head contours. 
The calculated heads are a good fit to the 1973 contours for several reasons. First, the 
model gradient is similar to the 1973 contours, i.e. groundwater in the model is moving in 
the same direction and at approximately the same rates as the 1973 groundwater. 
Second, the hydraulic heads in the model are close to 1973 hydraulic heads in the areas 
of interest, which are the streams, the reservoir, and wells adjacent to the streams and in 
the area east of the reservoir. Finally, the areas within the model domain where the 
groundwater table is quite flat (between HC#1 and the reservoir and the well field south 
of the confluence of Horse and Bear Creeks) are shown in the model as such. These 
results show that the modeling process was able to find a combination of hydraulic 
conductivity distribution, recharge, and boundary conditions that produced groundwater 
levels, gradients, and flow volumes similar to what is observed in the physical system.  

As an additional check of how well the model simulates real-life conditions in the basin, 
the model was qualitatively compared to stream flow and stream flux observations 
(described in detail in Chapter 2). Because the calibrated model is steady state, any 
season-specific observations had to be annualized. In keeping with that, we identified 
some specific examples of how Horse Creek behaves in real life, on average, to use as 
“qualitative” model targets. These are:  

 Horse Creek is a losing stream from where it enters the model domain until about 
Horse Creek No.1 Ditch. 

 Horse Creek gains water from the aquifer for the rest of its length within the model 
domain. 

 There should be water in the creeks to meet annualized average diversions.  

 There should be about 3 to 5 cfs flowing in Horse Creek as it leaves the model 
domain. 
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 The Hawk Springs Reservoir mass balance should show equal inflows and outflows, 
and accrue approximately 10,100 ac-ft/yr of water.  

The calibrated model meets these qualitative and semi-quantitative targets as well as 
conforming to the observed potentiometric surface. In the model, Horse Creek loses 5.2 
cfs upstream of HC#1 (segments 1, 2, and 4) and gains 10.1 cfs downstream of HC#1 
(segments 5, 6, 8, 17, 18, and 23). It has enough water in it throughout to satisfy all 
annualized diversion demands except one- Lowe Cattle No. 2 is modeled with an 
annualized demand of 4.5 cfs but only receives 1.3 cfs in the model25. There are 4.4 cfs 
leaving the model domain via Horse Creek. Stream flows in selected segments are 
presented in Table 4.4. 

The Hawk Springs Reservoir mass balance has equal inflows and outflows in the 
calibration model. The outflow of 10,100 ac-ft/yr is a target that was calculated from 
records of net reservoir accruals (negative values) over the time period of 1972 to 1980, 
which were obtained from the HCCD and diaries of Jim Ward, former Hydrographer 
Commissioner. (Longer records are available, but the specific time period of 1972 to 
1980 was chosen because it is consistent with data used elsewhere in the model. For 
comparison, average negative accruals26 over the time period from 1972 to October 
2010 equal 11,300 ac-ft/yr.)  

Reservoir outflows consist of evaporation, seepage loss, and surface deliveries to 
downstream water users. To balance these outflows, average inflows to the reservoir 
must equal 10,100 ac-ft as well. Inflows to the reservoir consist of underflow from the 
aquifer, surface flows delivered by the Hawk Springs Reservoir Supply Ditch, and, in the 
1972 to 1980 time period, 2,800 ac-ft/yr of water pumped into the reservoir via the Horse 
Creek Conservation District (HCCD) wells.  

Records from Borchert and input from the current Hydrographer Commissioner indicate 
the Hawk Springs Reservoir Supply Ditch delivers approximately 7.0 cfs (5,070 ac-ft) to 
the reservoir as an annual average. An additional 2,800 ac-ft/yr entered the reservoir 
from the HCCD wells when they were in use. This leaves 2,230 ac-ft/yr that must enter 
through underflow. The calibration model has 3,030 ac-ft/yr entering through underflow, 
somewhat higher than suggested by the water balance calculation, but consistent with 
the general level of approximation of this modeling effort. Note this value is still lower 
than historical observations of the springs underneath the reservoir (which indicate 

                                                 
25 This is because the upstream diverter, Babbitt Ditch, takes its full allotment, a situation unlikely to 
happen in reality given that Lowe Cattle No. 2 is the senior right. 
26 Negative accruals are calculated by taking the difference in storage volume over time in the Hawk 
Springs Reservoir, and if the volume change is negative, converting this to a rate over the given time 
period to obtain how much water left the reservoir. 
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approximately 8 cfs entering the reservoir via underflow). The lower modeled value is 
attributed to the calibration model reservoir elevation of 4,480 ft, which is slightly higher 
than average. 

The aquifer water budget for the calibrated model is shown in Table 4.5. The model 
shows a water budget of 24,850 ac-ft/yr. This compares favorably to Borchert’s steady 
state water budget, which contains 28,960 ac-ft/yr. Note that subcategories within the 
“recharge” category are listed to show what the recharge value consists of, but these 
subcategories are not summed into the total value. 

4.11 Sensitivity Analysis 

After calibrating the model, a sensitivity analysis was performed to test the effect of 
varying different parameters on the solution. In these scenarios, one parameter at a time 
is adjusted while the others are held constant. We chose reservoir elevation and annual 
precipitation as parameters for the sensitivity analysis. The three different reservoir 
elevations are 4,460 ft, 4,470 ft, and 4,480 ft; to represent a minimum, average, and 
maximum elevation. The annual precipitation values are 13.1 in, 15.4 in, and 16.1 in; 
which represent the average annual precipitation between 1973 and 1978 as derived 
from Western Regional Climate Center historical data27), “normal annual precipitation” 
used in Borchert’s steady state model (period of record 1949-1979), and the average 
annual precipitation as recorded by the LaGrange weather station, 1949 to 2010 period 
of record, respectively. The results of the sensitivity analysis are shown in Table 4.6. The 
value of the sensitivity analysis is that it allows for exercising the model, using a 
reasonable range of input data, to see if the conclusions change significantly. We are 
able to examine how variations that we know occur in nature impact the results 
produced by the model. If the conclusions of the sensitivity runs are reasonable, we can 
say that the model will give reasonable results even if the inputs (e.g. precipitation, 
reservoir elevation, hydraulic conductivity distribution) are not exactly as they are in real 
life. Because no model is capable of replicating real life conditions exactly, a sensitivity 
analysis is beneficial to see how model output varies given a range of inputs.  

Sensitivity Run No.1 is just the previously-discussed calibration simulation, and is 
presented for comparison. In this and all the sensitivity analysis simulations, precipitation 
recharge was applied throughout the model domain as a rate that is equivalent to 5% of 
the annual average precipitation. From this initial run, reservoir elevation and 
precipitation were adjusted and the results tabulated.  

The sensitivity analysis indicates that hydraulic heads in the model are most sensitive to 
change in precipitation (as shown by the change in RMS deviation). This is a logical 
result because precipitation is applied to the entire model domain, and can impact 

                                                 
27 This specific time frame was used for average precipitation by Borchert in his transient model. 
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groundwater in areas that receive no other source of inflow (such as the eastern corner 
of the model, where the only source of groundwater recharge is precipitation). 
Groundwater heads decrease with less precipitation and increase with more 
precipitation. 

Discharge from the aquifer to the reservoir is most sensitive to reservoir elevation: higher 
reservoir elevation equates to less underflow from the aquifer to the reservoir, and lower 
reservoir elevation results in more underflow from the aquifer to the reservoir. Also, 
underflow from the aquifer to the streams is most sensitive to reservoir elevation: higher 
reservoir elevation results in increased seepage out of the reservoir into the aquifer, and 
from there into the streams. Specifically, lowering the reservoir elevation from 4,480 ft to 
4,470 ft results in 2.9 cfs less underflow to the creeks and 2.3 cfs more underflow from 
the aquifer to the reservoir. Lowering the elevation further, to 4,460 ft, results in 5.2 cfs 
less underflow to the creeks and 4.7 cfs more underflow from the aquifer to the reservoir. 
In general these results are consistent with observations of how the reservoir and Horse 
Creek interact in real life. Results of the sensitivity run suggest a strong hydraulic 
connection between the streams, aquifer, and reservoir in the northern portion of the 
model domain (from HC#1 downstream to the north-western model boundary). 

Another result of the sensitivity analysis is that the modeled heads deviate further from 
the observed heads (as indicated by the increasing RMS deviation) when both the 
reservoir elevation and precipitation are lower than average. This is a logical result 
because the head targets were for a wet year (1973) when the reservoir was nearly full 
at 4,480 ft; therefore dry year inputs produce modeled heads that are not representative 
of wet year targets. 

4.12 Analytical Modeling outside the LaGrange Area 

The low density of irrigation wells outside the LaGrange area does not justify the type of 
groundwater modeling described in this and the following chapters.  Instead, we have 
examined this area using a simplified model of aquifer - stream interaction based on the 
groundwater flow equations presented by Glover and Balmer (1954).  Figure 4.8 
presents the Glover conceptualization, i.e. a “sandbox” aquifer in which both the well and 
the stream extend to the full depth of the aquifer and there are no special layers or faults 
or other impediments to the flow of water between the two. 

Figure 4.9 presents theoretical URFs for this “sandbox” model, based on typical (but by 
no means universal) transmissivity and storage values for the aquifers of the Horse 
Creek basin outside of the LaGrange area.  The vertical axis of the figure represents the 
stream depletion rate as a percentage of the pumping rate, e.g. 50% stream depletion 
from a 500 gpm well would be 250 gpm. 

Important features in the depletion response of the stream to the well are: 
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The solid lines reflect pumping for a one-month period, then stopping and letting the 
stream/aquifer system “catch up”.  For the near-stream well, stream depletion rises to 
90% of the pumping rate over the course of the month, and falls quickly to less than 10% 
(the residual effect) once the well is turned off.  For the 3,000-ft spacing, however, the 
lag effects are such that the peak in stream depletion does not occur until after the well 
has been turned off for two weeks or so. 

The dashed lines reflect continuous pumping.  Each of these lines will continue to rise 
until equilibrium is reached, i.e. the rate of stream depletion equals the rate of pumping, 
although that would take a very long time (years, decades, or even centuries after the 
start of continuous pumping) for wells increasingly distant from the stream. 

Irrigation wells outside the LaGrange area are included on Figures 2.7 and 2.9 and are 
listed separately on Table 3.3. Assessments of the producing aquifer, listed on Table 
2.328, are based on location relative to mapped geology (Rapp et al., 1957; Lowry and 
Crist, 1967; Morris and Babcock, 1960), lithologic descriptions from drillers’ logs, depth, 
completion interval, well performance, and, for wells not specifically investigated, the 
characteristics of adjacent wells.  Irrigation wells have been usefully completed in the 
Arikaree Formation, the Brule Formation, the alluvium associated with Little Bear Creek, 
and the terrace deposits (ancient alluvium) north of Horse Creek. As in the LaGrange 
area, the most productive wells are in the alluvium and in local, high-permeability 
portions of the shallow Brule. Table 2.3 also lists the approximate distance between 
each well and the nearest perennial stream. Those wells for which a permit application 
or adjudication map was examined include a distance based on the mapped location.  
Those wells for which only a 1/4 1/4 Section location has been compiled provide a 
distance bracketed between the smallest and largest values consistent with the 
geometry.  

The following paragraphs evaluate select groups of irrigation wells to provide a 
quantitative framework for consideration of stream depletion relationships. 

Alluvial wells along creeks.  Wells in this group are likely to communicate readily with the 
adjacent creek as water moves in and out of the sand and gravel aquifer to keep the 
groundwater and surface flow in balance.  A thicker and more laterally extensive aquifer 
will be able to supply more water to wells from aquifer storage than a thin and narrow 
alluvial aquifer, but, basically, taking water from the aquifer is the equivalent of taking 
water from the creek.  Outside the LaGrange area, the mapped alluvial aquifer in the 
study area (e.g. Rapp et al., 1957; Lowry and Crist, 1967) is a maximum of one half mile 
wide, and rarely exceeds a width of 500 ft.  Where present, these deposits are likely less 

                                                 
28 42 SEO Statements of Completion and associated documents for irrigation wells outside the LaGrange 
area were examined for this report.  The relevant data, including interpretation of aquifer and reported test 
results are included in Table 2.3. 
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than 30 ft thick.  No alluvium is mapped beyond 3 miles upstream of LaGrange on Horse 
Creek. The termination of the alluvial aquifer at the edge of the stream floodplain 
increases the rate of stream depletion relative to the aerially extensive aquifer 
represented by the Glover approach presented above.  Schroeder (1987) provided a 
simple computer program that accommodates aquifer boundaries by adding “image 
wells” to the Glover calculations. 

For example, the groundwater irrigation well under permit P29889W is located in T20N, 
R63W, Sec. 20, approximately 1,900 ft north of Fox Creek and 500 ft from the edge of 
the valley (i.e. the edge of the alluvial aquifer), across an irrigated meadow.  The well is 
80 ft deep; it has a static water level of 8 ft.  The driller’s log describes “fine sand and 
gravel” to 32 ft, then “layered Brule” to the total depth (80 ft). The “principal water 
bearing formation” is 2 ft thick, identified from a depth of 8 to 10 ft. The reported pump 
test – 1,750 gpm for 12 hours produced 42 ft of drawdown – suggests an aquifer 
transmissivity of approximately 56,000 gpd/ft29.  Application of the bounded, Schroeder 
(1987) formulation of Glover and Balmer (1954) for an alluvial aquifer30 indicates each 
1,000 gpm of well discharge will produce 100 gpm of stream depletion (either as 
increased streamflow into the aquifer or decreased aquifer flow into the stream) within 
12 days of the initiation of pumping; 500 gpm within 6 weeks; etc. Eventually, the well 
will come into equilibrium with the stream; the rate of streamflow depletion will be 
approximately equal to the rate of pumping. 

Wells identified with an alluvial aquifer on Table 3.3 and Figure 2.7 are located: 

1. Along a perennial stream (e.g. the example cited above), in which case relatively 
rapid stream depletion may occur with pumping. 

2. Along an intermittent stream (e.g. the wells in T18N, 66W), in which case stream 
depletions will be a function of the relative timing of streamflow and pumping, and of 
the relative water-level elevations of stream and aquifer.  Where a stream is 
“perched” above the groundwater table, the stream will lose water at the same rate, 
regardless of the groundwater level, and is insensitive to groundwater pumping.  
Where an intermittent stream is well connected with the underlying groundwater 
reservoir, stream losses may be more when the stream is flowing than they would be 
had the groundwater reservoir not been depleted by pumping. 

3. In alluvium which is no longer associated with a stream (e.g. the well in T18N, 
R61W, Sec. 6 along an ancient stream channel), in which case the well-to-stream 
connection is a function of the intervening bedrock rather than the local alluvium. 

                                                 
29 Based on the reported well diameter of 16 in. and an assumed storage coefficient of 0.15. 
30 Using the AWAS (2011) program, “original” and “alluvial” options. 
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Bedrock wells along creeks.  This situation is similar to the previous one, except that the 
aquifer is likely to be less productive (much less productive in the case of a sand/gravel 
alluvial well vs. an Arikaree Fm. or unfractured Brule Fm. well) and much more laterally 
extensive.  For example, a group of five Brule Fm. wells in T20N, R63W, Sec. 19 and 
adjacent T20N, R64W, Sec. 13 (on the high ground southwest across Fox Creek from 
the previous example), supply a 130-acre pivot.  The adjudicated discharge of the wells 
varies from 100 to 175 gpm.  The wells are all 110 ft deep; the static water levels are all 
around 50 ft (equal to the approximate difference in elevation between the land surface 
at the well and at the stream).  Given the proximity to the creek and the approximately 
equivalent water-level elevations, and the “small amount of shale” in the driller’s log, 
hydraulic connection with the creek is likely. 

No pump test data are reported for these wells, but the combination of five wells to 
supply one pivot indicates no large permeability.  Assuming the reported yields require 
50% of the available drawdown (i.e. 30 ft), an aquifer transmissivity of approximately 
8,000 gpd/ft 31 is suggested. 

At an average distance to Fox Creek of approximately 2,200 ft, application of the Glover 
formula for stream depletion in an unbounded aquifer indicates it takes approximately 4 
months for 100 gpm of well discharge to produce 10 gpm of stream depletion (either as 
increased streamflow into the aquifer or decreased aquifer flow into the stream).  While 
the rate of depletion would continue to increase toward equilibrium, even a 50% 
depletion rate (i.e. 50 gpm depletion for each 100 gpm of pumping) would require two 
years of continuous pumping.   

Other irrigation wells in this category are those extracting water from the Brule Fm. in 
T18N, R62W; T19N, R63W; T19N, R66W; and in the group of wells in T20N, R63W and 
T20N, R64W from which the example presented above was taken.  

Bedrock wells remote from creeks.  Figure 2.7 shows that most of the irrigation wells 
outside the LaGrange area are further from a perennial stream than those discussed in 
the two examples above.  Although a few of the wells drilled in Arikaree Fm. outcrop 
(Fig. 2.7) penetrate through to the underlying Brule Fm. (See Table 2.3), the majority of 
the irrigation wells outside the LaGrange area draw groundwater from the Arikaree Fm. 
This is consistent with the Brule in areas without overlying sediments being relatively 
unproductive (see discussion in Section 2.3). 

The Arikaree Fm. in the Horse Creek Basin was evaluated for the Wyoming Depletion 
Plan (2006) with respect to the “hydrological connection” criteria of the Platte River 

                                                 
31 Based on reported well radius of 9 in., assumed drawdown = 0.5 saturated thickness, storage 
coefficient of 0.15, and pumping for 10 days at 150 gpm. 
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Recovery Implementation Program.  Based on quite conservative (i.e. maximizing the 
potential for hydrological connection) application of available hydrogeological data, the 
authors defined a setback distance from perennial streams of 9,700 ft to ensure the 
cumulative depletion volume after 40 years of pumping is less than 28% of the volume 
pumped.  Expressed in the terms used above, the “green areas” defined across the 
Arikaree areas of the Horse Creek Basin by the Wyoming Depletion Plan equate to a 10 
gpm depletion rate for each 100 gpm of pumping, requiring pumping for 7.4 years.  A 
50% depletion rate is only reached after 40 years of pumping. 

All of the irrigation wells in the Horse Creek basin west of the west side of R63W fall in 
the Depletion Plan “green” areas, with the exception of those in T19N (see Fig. 2.7). 

Other Table 3.3 irrigation wells in this “remote” category are the moderate-yield Lance 
Fm. wells in T21 and 22N, R63; all the Arikaree Fm. wells; and the Brule Fm. wells in 
T18N, R67W; T19N, R63W; and in T21N, R60W. 

There are no permitted irrigation wells in the geologically complex portion of the Horse 
Creek Basin west of R67W.  No analysis of hydrological connection in this area has 
been made. 
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CHAPTER 5 – MANAGEMENT SCENARIOS 

Three Management Scenarios were designed to simulate hypothetical conditions in the 
basin. The WSEO, Hinckley, and AMEC defined these three scenarios during a meeting 
held on February 15, 2011. The calibrated model was modified to operate in transient 
mode in order to represent these scenarios, which are simulated with two stress periods 
each year repeated for 10 years. The stress periods for these models are termed 
“growing season” (May through September) and “non-growing season” (October through 
April). These periods are not intended to imply that useful crop growth is restricted to 
these specific months, but to reflect that the great majority of the stress on the aquifer 
from irrigation pumping occurs within this “growing season”. 

The three management scenarios are: 

 Scenario 1: Baseline model (current conditions)  

 Scenario 2: No diversion or recharge from Horse Creek No.1 Ditch 

 Scenario 3: All irrigation pumping off 

Scenario 1 is meant to reflect current (2000s) conditions of water use in the LaGrange 
area. The HCCD wells, which were pumping 2,800 ac-ft/yr in the calibration model, are 
turned off. As in the calibration model, the irrigation wells east of Horse Creek pump 
2,300 ac-ft/yr and the irrigation wells west of Horse Creek and in the remaining area 
pump 4,800 ac-ft/yr, all within the growing season. Precipitation and stream flow vary 
with stress period to approximate non-growing season vs. growing season values. 
Surface water irrigation recharge and ET are only active in the growing season, with the 
exception of the Horse Creek No. 1 diversion and recharge, which are active only in the 
non-growing season. 

Scenario 2 is the baseline model (Scenario 1) with the Horse Creek No. 1 Ditch 
diversion and recharge turned off. In this scenario, water bypasses the HC #1 diversion 
and stays in the main channel of Horse Creek. The recharge rate in the cells adjacent to 
the HC#1 ditch is set to zero, removing 1,920 ac-ft of recharge in that area. The intent of 
this scenario was to evaluate the general effect of the current non-growing season 
diversion and recharge practice. 

Scenario 3 is the baseline model with all irrigation pumping off. The intent of this 
scenario is to get a sense of the overall effect of pumping in the model domain. All other 
inputs are the same as the baseline model, including the operation of the Horse Creek 
No. 1 Ditch. Recharge zones do not change because we assume groundwater irrigation 
is 100% consumptive (removing the groundwater irrigation makes no difference to the 
amount of irrigation that returns to the aquifer as recharge). 
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Table 5.1 shows the active and inactive parameters for each management scenario. 
Table 5.2 presents the recharge rates for the two stress periods. 

5.1 Management Scenario Seasonality 

We divided the year into two seasons based primarily on monthly groundwater pumping 
records provided by Borchert (1985, Figure 17, p. 42). The fundamental assumption is 
that groundwater wells pump in direct response to crop needs, therefore if the well is 
pumping, a crop is being irrigated. For surface flows, the designation between “growing” 
and “non-growing” was based on priority rights and the way the ditches in the area 
historically have been operated. As described in Chapter 2, Horse Creek undergoes 
“serial dewatering” along its course from the Brown and LaGrange Ditch through the 
Hawk Springs Reservoir Supply Ditch. That is to say, at the beginning of the irrigation 
season, the Brown and LaGrange water right is senior and large enough to divert the 
entire creek. When it has taken all the water it wants, the remaining water, if any, flows 
to the next senior ditch which generally diverts the entire creek at its headgate, and so 
on.  

Based on this pattern of ditch diversions, we divided the ditches in the model domain 
into “growing season” and “non-growing season” diverters (see Figure 3.4 for the 2004 – 
2009 historical record of ditch activity): 

Growing season diverters: 

 Brown and LaGrange 

 Lowe Cattle No. 1 

 Spy 

 Herrick and Balcom 

 Lowe Cattle No. 2 

Non-growing season diverters: 

 Horse Creek No. 1 

 Babbitt 

 Hawk Springs Reservoir Supply 

As shown on Figure 3.4, the Van Alton Ditch primarily diverts before May 1 and the 
headgate is upstream of the model domain. In the model the ditch is represented 
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through its return flows (1.5 cfs entering Bear Creek), which are spread over both stress 
periods. 

5.1.1 Constant vs. Variable Fluxes 

For the management scenarios, certain fluxes were varied based on growing vs. non-
growing season. These fluxes are discussed below. These are different than model 
inputs that are on and off (as shown in Table 5.1) in that these inputs are always on, and 
only the magnitude of the flux varies.  

Precipitation.  Precipitation records were obtained from the LaGrange weather station for 
the years 1971 through 2010 (see Figure 2.1). This 40-year period was used to reflect 
long-term average conditions in the basin. We calculated the percent of precipitation that 
falls in the growing season (59%) and the non-growing season (41%), and applied these 
percentages to the annual average precipitation recharge rate from the calibration 
model. The total volume of precipitation added to the model each year as recharge stays 
the same, 3,630 ac-ft.  

Stream flow into the model (Horse Creek and Bear Creek).  For the steady state 
calibration model, stream flows were dealt with as annual averages, which effectively 
smoothed any seasonal influence on the watershed. For the transient management 
scenarios, we used a one-water-year record (October 1978 to September 1979) from 
USGS stream gages on Horse and Bear Creeks upstream of the model domain to 
calculate factors to apportion growing and non-growing season stream flows32. These 
short gage records are the only data available at gaging sites that are relevant for the 
model domain. From these records, we obtained average flow volumes which we then 
scaled by season to apply to the flows in the calibrated model. For example, for Horse 
Creek, 46% of the annual volume of water flowed through the gage between October 
and April, so we scaled the model flows to have 46% of the volume coming into the 
model domain in the non-growing season. For Bear Creek, 62% of the volume of water 
flowed through the USGS gage between October and April. 

Flows were scaled rather than replaced in order to keep the mass balance in the 
transient model the same as in the calibrated model. The stream flows that were scaled 
for seasonality in the transient model are Segment 1 (Horse Creek input) and Segment 
10 (Bear Creek input). 

 

                                                 
32 Gages used: USGS 06675850 Horse Cr nr Johnson Ranch nr LaGrange WY, and USGS 06676900 
Bear C nr LaGrange WY; both located in Goshen County. 
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Constant fluxes.  For all three scenarios and all stress periods within those scenarios, 
the following constant fluxes apply (originally presented in Table 4.3): 

1. INFLOW – Recharge 

a. 800 ac-ft/yr of underflow input beneath Bear Creek 

b. 1,500 ac-ft/yr of underflow input beneath Horse Creek 

c.    1,400 ac-ft/yr of underflow input from the south boundary of the model 

2. OUTFLOW – Recharge 

a. 800 ac-ft/yr of underflow output beneath Horse Creek 

b. 1,500 ac-ft/yr of underflow output beneath the east boundary of the model, into 
the Pumpkin Creek drainage. 

5.1.2 Evapotranspiration (Transient Model Property) 

Evapotranspiration occurs in the transient model in 50 cells around Horse Creek 
between Lowe Cattle No. 1 Ditch and the Hawk Springs Reservoir Supply Ditch. This 
area was chosen based on the USGS map from 1957 by Rapp (referenced in Chapter 2) 
showing areas of high ET in the LaGrange area. The number of cells with ET in the 
transient models is greater than the number in the steady state model because in the 
steady state model the same amount of water was removed from the aquifer regardless 
of depth to water in that cell. In the transient model, we wanted to be able to assess the 
impacts of various stresses on ET, and so converted it from a flat rate to a linear rate 
dependent on the depth to water in the cell. In order to preserve the water balance 
between the steady state calibration model and the baseline transient model, we 
identified which cells both had a shallow groundwater table (i.e. depth to water less than 
the extinction depth of 6.5 ft) and were located within the area where natural ET is 
known to occur. In these cells, ET is extracted from the model at a linear rate equal to 
0.0166 ft per day when the water table is at the ground surface and declining to zero 
when the water table is at an extinction depth of 6.5 ft. This rate allows slightly more ET 
to occur in the baseline model than in the steady state calibration model (750 ac-ft/yr vs. 
600 ac-ft/yr), but the amounts are considered close enough to be acceptable. Cells 
where ET occurs are shown in Figure 5.1. 

5.2 Comparison of Scenario Results 

The management scenario models were run and results were analyzed. To compare the 
scenarios, we looked at the aquifer water budgets, effects on net storage, effects on 
natural ET, effects on stream reaches, and effects on the Hawk Springs Reservoir. The 
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section below provides an overview of these components of the model. Following the 
overview is a presentation of results for the scenarios, as compared to one another.  

5.2.1 Aquifer Water Budget 

The aquifer water budget is a mass balance of water flowing into and out of the aquifer 
in the model domain. In steady state systems, the amount of water flowing in and out will 
be equal, and conditions will reflect that by not changing significantly year after year. 
Systems where inflows and outflows are not balanced will see increasing or decreasing 
groundwater levels.  

Aquifer water budget results for each of the three management scenarios are shown in 
Tables 5.3, 5.4, and 5.5. Subcategories within the “recharge” category are listed to show 
what the recharge value consists of, but note they are not summed into the total value. 
The tabled values represent the last two stress periods (10th year) of the transient model 
runs. 

Initial heads for the transient runs were taken from the steady state model. From this 
point, the model cycles through 10 years of non-growing and growing stress periods and 
with each cycle comes closer to a new steady state condition. The mass balance trend 
for each stress period, starting at the first, is like a non-linear curve where the slope at 
the beginning is steep but quickly flattens out to approach a straight line. In other words, 
the changes in mass balance are greater in the first few years and then decrease in later 
years as the model approaches a new seasonal steady state. For this reason we use the 
10th year simulation to analyze results, since it is the closest to a seasonal steady state. 
The models do not quite reach a new seasonal steady state within the 10-year period 
(evidenced mainly by small storage imbalances), but they come close enough to 
illustrate the general impacts of each scenario. Given a longer run the models would 
reach complete equilibrium. 

Differences between inflows and outflows within a scenario and between scenarios that 
are smaller than 100 ac-ft can be attributed to rounding in the model and are not 
considered significant. In comparing the water budgets, it is helpful to look at what 
changed (such as groundwater inflows to the reservoir) and consider why those changes 
took place, in the context of stresses that are or are not present between the two 
scenarios being compared. 

5.2.2 Effect on Net Storage 

MODFLOW keeps separate track of additions to and subtractions from groundwater 
storage, treating this storage as if it were a distinct water source that supports the flow 
system being simulated (i.e., the flows  between model cells and into and out of the 
aquifer itself). This is the reason that a storage term appears in both the inflow and 
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outflow sides of the aquifer water budget. The conventions for this accounting are 
somewhat counter-intuitive and can lead to confusion. To help with this it may be helpful 
to think of this “storage account” as the inactive pool in a surface water reservoir; water 
can be taken from this inactive pool and put into the “active pool” (the simulated flow 
system) or booked from the active pool back into the inactive space, depending on how 
much is needed to support reservoir operation. 

Inflows “from storage” indicate that water is being withdrawn from storage to support 
simulated flows. In this case, the overall amount of water in the aquifer system is 
decreasing and water levels will decline. Outflows “to storage” indicate that water is 
being withdrawn from the flow system and put into storage; in this case, the overall 
amount of water in the aquifer system is increasing and water levels will rise. The net of 
these terms indicates whether overall aquifer storage is increasing or decreasing over 
the budgeted period. In a true steady-state condition, the net of storage inflows and 
outflows would be zero over the period in question. 

Figure 5.2 shows non-growing season and growing season net storage for all three 
scenarios. In the baseline model annual net storage is near zero, indicating a near-
steady-state condition on an annual basis. In the non-growing season, when there is no 
pumping, accretions to storage from recharge (natural and via HC#1 operation) will be 
reflected in rising groundwater levels. In the growing season, water is removed from 
storage as irrigation withdrawals exceed recharge. In Scenario 3, annual net storage is 
negative, which will be reflected in rising groundwater levels. The pattern of storage 
inflows and outflows is seasonal and reflects a time lag in the aquifer storing and 
discharging water. In the growing season, surface water irrigation recharge results in 
water moving into storage. In the non-growing season, excess water that was in storage 
from the growing season moves into the active aquifer and is reflected in discharge to 
the streams and the reservoir. Discharge to surface water bodies occurs year-round, but 
in the growing season the irrigation recharge to the aquifer overcomes discharge and 
storage increases. 

5.2.3 Effects on Natural ET 

Natural ET occurs in 50 cells in the model, the locations of which are shown in 
Figure 5.1. ET is only activated in the models during the growing season. Comparing the 
management scenarios in terms of changes in ET provides insight to how much more or 
less natural evapotranspiration will occur in the model domain given a change in 
stresses. As can be seen in Figure 5.3, Scenarios 1 and 2 have roughly the same 
amount of natural ET losses, indicating that groundwater levels between the two 
scenarios are very similar in the northern portion of the model where ET is active. 
Groundwater levels are higher in Scenario 3 due to the absence of all irrigation well 
pumping, and because of this, natural ET increases. 
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5.2.4 Effects on the Hawk Springs Reservoir 

Hawk Springs Reservoir groundwater gains and seepage losses change between the 
scenarios. The magnitude of these changes is what we are looking at with the mass 
balance results. In the water budgets in Tables 5.3, 5.4, and 5.5, “inflows to the aquifer: 
reservoir” represent water moving from the reservoir to the aquifer (i.e. seepage losses) 
and “outflows from the aquifer: reservoir” represent water moving from the aquifer to the 
reservoir (i.e. gains to the reservoir). Again, this is because the water budgets are 
always from the perspective of the active part of the aquifer.  

Figure 5.4 shows groundwater underflows to the reservoir for the management 
scenarios. In all models the reservoir gains water from the aquifer, as shown by positive 
ac-ft accruing to the reservoir. Also, all models show more gains in the non-growing 
season than in the growing season. Scenario 2 has the least overall reservoir gains from 
groundwater, due to the absence of HC#1 recharge and continuation of irrigation well 
pumping33. Scenario 3 has the greatest overall gains, indicating rising groundwater 
levels resulting from the absence of the irrigation well pumping. The annual average 
groundwater inflow under the baseline scenario is approximately 6.4 cfs. The annual 
average groundwater inflow under the “no wells” scenario is approximately 8.0 cfs, very 
close to the original appropriation for the Hawk Springs Ditch from before the reservoir 
was constructed and before any of the wells were completed. 

5.2.5 Effects on the Streams 

As with the reservoir, in the water budget tables, “inflows to the aquifer: streams” 
represent water moving from the streams into the aquifer (seepage losses) and “outflows 
from the aquifer: streams” represent water moving from the aquifer to the streams 
(stream gains). 

Figure 5.5 shows groundwater outflows (i.e. stream gains) to Horse and Bear Creek 
combined. The chart displays similar trends in the streams as were seen in the reservoir; 
i.e. more gains occur in all scenarios in the non-growing season than in the growing 
season. This implies that near-stream groundwater gradients are higher in the non-
growing season than in the growing season for all scenarios. In Scenarios 1 and 2, 
irrigation well pumping draws down the aquifer and reduces surface water gains in the 
growing season, resulting in proportionally higher gains in the non-growing season. In 

                                                 
33 However, in Scenario 2 the HC#1 ditch is bypassing flow that will presumably accrue to the reservoir, 
so although the gains from groundwater are less, surface water inflows will likely be enhanced under this 
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Scenario 3 gains are higher in the non-growing season because of the lag effects of 
groundwater tables rising beneath irrigated fields during the growing season leading to 
increased aquifer drainage in subsequent months.  

5.3 Stream Flow Comparison 

The groundwater model does not explicitly include surface-water diversion priorities or 
irrigation management decisions. Instead, the hydrologic, water-rights, and management 
constraints under which irrigation diversion have taken place are understood to be 
reflected in their actual historical diversions. Water is extracted from the model domain 
at the appropriate points of diversion in quantities equal to the annualized historical 
diversions. Water is added to the model domain across the areas of historical irrigation 
application as a fixed proportion of those diversions. The stream flows presented in the 
following section are a result of the annualized average diversions applied across two 
seasons, “non-growing” and “growing.” They provide a generalized picture of how 
changes in management operations (i.e. turning off diversions, turning off pumping) will 
impact fluxes from the aquifer, and generally where these changes in flux are expected 
to occur.  

Tables 5.6 and 5.7 show stream flows, gains, and losses in select segments for the 
three scenarios. All three scenarios have the same amount of stream flow entering the 
model at Horse Creek and Bear Creek, so differences in flow rates between 
management scenarios at a given segment are due to the different stresses applied to 
the models in each scenario. 

Table 5.6 shows flow rates at the bottom (downstream end) of each specific reach of 
Horse Creek, in cfs. These values are taken from the last cell of the segment in question 
(to capture the flow rate at the downstream end of the stretch) and reflect conditions 
present in the 19th and 20th stress period of the transient cycle (e.g. the last non-growing 
stress period and the last growing stress period). From Table 5.6, we see that surface 
flows in Horse Creek upstream of the Brown & LaGrange ditch do not change between 
management scenarios, as expected since the upstream area is remote from both the 
irrigation wells and surface irrigation recharge that are varied between scenarios. This 
means that significant pumping effects from the modeled irrigation wells are primarily 
limited to the stretch of Horse Creek downstream of Brown & LaGrange.  

Table 5.7 shows stream gains and losses per segment for the three scenarios. These 
values are presented in cfs and are calculated by summing the flux between the aquifer 
and the stream for each time step within a stress period. For example, the non-growing 
stress period has seven time steps (i.e., seven months), so the flux in each time step 
was added up and the total value represents the average rate (in cfs) of water 

                                                                                                                                                          
scenario. 
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movement between the aquifer and a particular stream segment in the non-growing 
season. As with surface flows, no difference was seen between management scenarios 
for Horse Creek upstream of the Brown & LaGrange ditch. 

Note that Segment 19 is a ditch segment and does not gain water from or lose water to 
the aquifer. We modeled it this way due to the ambiguity of the segment, which was 
originally part of Spy Ditch, but was subsequently engineered to be part of the Horse 
Creek channel. Impacts calculated for the part of Horse Creek downstream of Lowe 
Cattle No. 1 and Hawk Springs Reservoir Supply may be slightly too low for this reason. 
As with the other ditch segments, ditch losses/gains in the future may be modeled by 
allowing for conductivity in these segments. Segments that exhibit changes in surface 
flows are discussed in the following sections. 

5.4 Comparison of Scenario 1 to Calibration Model 

The aquifer mass balance for the steady state calibration model is presented in Table 
4.5. Scenario 1 is very similar to the calibration model; both budgets encompass close to 
24,000 ac-ft/yr of water (the calibration model has 24,850 ac-ft and Scenario 1 has 
23,700 ac-ft – although these numbers are different, they are within 5% of each other 
and the extra 1,150 ac-ft of water in the calibration model is not considered significant). 
Where the water is located is slightly different between the two in the following areas: 

 Well pumping (outflows) decreased by 2,800 ac-ft/yr due to the removal of the 
HCCD wells (9,900 ac-ft in the calibration model; 7,100 ac-ft in Scenario 1). 

 Reservoir seepage loss decreased by 1,040 ac-ft/yr (1,950 ac-ft to 910 ac-ft), and 
reservoir underflows (gains) increased by 1,560 ac-ft/yr (3,030 ac-ft to 4,590 ac-ft), 
for a total increase of water entering the reservoir via groundwater of 2,600 ac-ft/yr. 
This is 93% of the 2,800 ac-ft/yr being pumped by the HCCD wells. 

 Stream seepage losses decreased by 40 ac-ft and stream gains decreased by 90 ac-
ft, for a total decrease of water in the streams of 50 ac-ft/yr. This is a small value 
compared to the overall water budget and not considered a significant result. 

  ET increased by 150 ac-ft/yr (600 ac-ft to 750 ac-ft).  

From this comparison, we conclude that most (over 90%) of the water pumped by the 
HCCD wells and discharged to the Hawk Springs Reservoir would have entered the 
reservoir anyway, either as groundwater underflow or as reduced seepage losses. The 
20% increase in natural ET ((750-600)/750=0.2) can be attributed to minute changes in 
the model (discussed earlier in this chapter) but also to turning off the HCCD wells. By 
turning off the wells, water levels in the area rise, and if the water is close to the ground 
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to begin with as is the case with the northern portion of the model in the vicinity of the 
reservoir, this can result in increased ET. 

5.5 Comparison of Scenario 1 to Scenario 2 

Comparing Scenario 1 and Scenario 2 shows the effect of the non-growing season 
diversion and recharge practice by Horse Creek No. 1. Irrigation well pumping is still 
active during the growing season, including the wells north and northwest of the HC#1 
ditch. By comparing the two aquifer water budgets (Tables 5.3 and 5.4, and Figures 5.2 
through 5.5), we see that the 1,920 ac-ft/yr that is not diverted and applied as recharge 
in Scenario 2 shows up in the following areas: 

 Reservoir seepage loss (to the aquifer) increases by 40 ac-ft/yr (910 ac-ft to 950 ac-
ft), and reservoir underflows (gains from the aquifer) decrease by 850 ac-ft/yr (4,590 
ac-ft to 3,740 ac-ft), for a total decrease of groundwater inflow to the reservoir of 890 
ac-ft. 

 Of this change, 75% (30 ac-ft) of the seepage loss increase occurs in the non-
growing season and 25% (10 ac-ft) occurs in the growing season. Underflows into 
the reservoir decrease by 55% (470 ac-ft) in the non-growing season and by 45% 
(380 ac-ft) in the growing season.  

 Stream seepage losses increase by 140 ac-ft/yr (5,780 ac-ft to 5,920 ac-ft), and 
stream gains from groundwater decrease by 630 ac-ft/yr (8,520 ac-ft to 7,890 ac-ft), 
for a total decrease of groundwater entering the streams of 770 ac-ft. 

 Of this change, the seepage loss increase occurs only in the non-growing season. 
For reduction in stream gains from groundwater, 65% of the reduction (410 ac-ft) 
occurs in the non-growing season and 35% (220 ac-ft) occurs in the growing season. 

 Together, reductions in groundwater gains to streams and the reservoir account for 
1,660 ac-ft/yr, or 86% of the 1,920 ac-ft/yr of foregone HC#1 recharge. 

 Change in storage accounts for 210 ac-ft (11%) of the 1,920 ac-ft. Scenario 1 has a 
small negative annual change in storage of 50 ac-ft (water leaving the active aquifer 
to enter storage; over a long period of time this would result in an increase of 
groundwater level), while Scenario 2 has a positive annual change in storage of 160 
(water entering the active aquifer from storage; over a long period would result in 
decreasing groundwater levels). The net change in storage indicates this model has 
not reached steady state after 10 years of no HC#1 diversion or recharge. 

 Scenarios 1 and 2 are essentially equal (20 ac-ft/yr difference) in terms of ET losses 
during the growing season (750 ac-ft/yr in Scenario 1 and 730 ac-ft/yr in Scenario 2). 
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 The remaining 30 ac-ft/yr is attributable to rounding in model computations. 

From this comparison, we conclude that 46% (890/1920) of the HC#1 recharge ends up 
as underflow to the reservoir. Another 40% (770/1920) of the recharge feeds the 
streams as stream gains from groundwater. The effects of turning off the HC#1 
diversion/recharge are felt most in the non-growing season, but effects are also seen in 
the growing season which indicates a seasonal time lag for water to move in the aquifer 
from the recharge area adjacent to the Horse Creek No. 1 ditch into the reservoir and 
streams. 

5.5.1 Scenario 1 to Scenario 2 – Changes in Stream Flows 

The groundwater model does not administer priority surface water rights, but presumably 
a major portion of the non-growing season Horse Creek flows bypassed  by the Horse 
Creek No. 1 Ditch (1,920 ac-ft/yr) under Scenario 2 would proceed downstream and 
accrue to storage in Hawk Springs Reservoir. Outflow from stream Segment 18, 
immediately upstream of the ditch segment preceding the HSRSD headgate, can serve 
as a rough indicator of how much flow would be available for the Hawk Springs 
Reservoir to take.  

Comparing stream flow values in Table 5.6 shows that in the non-growing season, 
Segment 18 contains 13.0 cfs in Scenario 1 and 16.4 cfs in Scenario 2; therefore, the 
potential increase in surface inflows to the Hawk Springs Reservoir is roughly 3.4 cfs 
(16.4 cfs – 13.0 cfs). This equates to an additional 1,420 ac-ft over the 210-day non-
growing season. This is not quite the entire HC#1 diversion amount due to the decrease 
in stream gains seen in Scenario 2. 

Other significant reductions in groundwater inflow to streams in Scenario 2 occur in the 
following segments: 

 Segment 7, between HC#1 and Lowe Cattle No. 1, sees 220 ac-ft less groundwater 
gain in the non-growing season and 140 ac-ft less in the growing season, for a total 
reduction of 360 ac-ft/yr. 

 Segments 17 & 18, between Lowe Cattle No. 1 and Hawk Springs Reservoir Supply, 
see 190 ac-ft less groundwater gain in the non-growing season and 120 ac-ft less in 
the growing season, for a total reduction of 310 ac-ft/yr. 

5.6 Comparison of Scenario 1 to Scenario 3 

Comparing Scenario 1 and Scenario 3 shows the overall effect of irrigation well pumping 
on the LaGrange aquifer. By comparing the two aquifer water budgets in Tables 5.3 and 
5.5 (presented graphically in Figures 5.2 through 5.5), the 7,100 ac-ft/yr that is not 
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removed from the aquifer by irrigation pumping in Scenario 3 shows up in the following 
areas: 

 Reservoir seepage loss decreases by 60 ac-ft/yr (910 ac-ft to 850 ac-ft), and 
reservoir underflows (gains from the aquifer) increase by 1,270 ac-ft/yr (4,590 ac-ft to 
5,860 ac-ft), for a total increase of water in the reservoir of 1,330 ac-ft. 

 Of this change, 67% (40 ac-ft) of the seepage loss decrease occurs in the non-
growing season and 33% (20 ac-ft) occurs in the growing season. Fifty-six percent 
(710 ac-ft) of the reservoir underflow increase occurs in the non-growing season and 
44% (560 ac-ft) occurs in the growing season.  

 Stream seepage losses decrease by 430 ac-ft/yr (5,780 ac-ft to 5,350 ac-ft), and 
stream gains increase by 4,230 ac-ft/yr (8,520 ac-ft to 12,750 ac-ft), for a total 
increase of water in the streams of 4,660 ac-ft. 

 Of this change, 40% (170 ac-ft) of the seepage loss decrease occurs in the non-
growing season and 60% (260 ac-ft) occurs in the growing season. Forty-eight 
percent (2,020 ac-ft) of the stream gain increase occurs in the non-growing season 
and 52% (2,210 ac-ft) occurs in the growing season. 

 Together, stream and reservoir groundwater underflow reductions account for 5,990 
ac-ft/yr, or 84% of the 7,100 ac-ft/yr of foregone irrigation well pumping. 

 Change in storage accounts for 880 ac-ft (12%) of the 7,100 ac-ft. Scenario 1 has an 
insignificant annual change in storage of 50 ac-ft, while Scenario 3 has a much larger 
annual change in storage of 880 ac-ft/yr, suggesting that water levels would continue 
to rise in the LaGrange aquifer beyond the 10 years modeled if all irrigation pumping 
were discontinued until a new equilibrium was attained. 

 Natural ET increases by 220 ac-ft/yr (750 ac-ft to 970 ac-ft), which accounts for 3% 
of the irrigation well pumping.  

 The remaining 10 ac-ft is attributable to rounding in model computations. 

5.6.1 Scenario 1 to Scenario 3 – Changes in Stream Flows 

As noted above, surface flows in the streams are greater in Scenario 3 compared to 
Scenario 1. At Segment 18, just upstream of the ditch segment carrying flow to the Hawk 
Springs Reservoir Supply Ditch, flows in Scenario 3 increase by roughly 4.7 cfs in the 
non-growing season (13.0 cfs to 17.7 cfs). Outflows from the model (Segment 23) 
increase by roughly 5.2 cfs in the non-growing season (5.6 cfs to 10.8 cfs). Other 
significant increases in streamflow gains in Scenario 3 occur in the following segments: 



MANAGEMENT SCENARIOS 
Horse Creek Groundwater / Surface Water Connection Investigation 
 
 

Final Report Page 5-13 
October 2011 

 Segment 7, between HC#1 and Lowe Cattle No. 1, sees 610 ac-ft more gains from 
groundwater in the non-growing season and 1,110 ac-ft more gains in the growing 
season, for a total of 1,720 ac-ft/yr. 

 Segments 17 & 18, between Lowe Cattle No. 1 and Hawk Springs Reservoir Supply, 
see 660 ac-ft more gains from groundwater in the non-growing season and 870 ac-ft 
more gains in the growing season, for a total of 1,530 ac-ft/yr. 

 Segment 14 of Bear Creek, downstream of Babbit and upstream of Lowe Cattle No. 
2, sees 250 ac-ft more gains from groundwater in the non-growing season and 330 
ac-ft more gains in the growing season, for a total of 580 ac-ft/yr. 

 Segment 22, between HSRSD and Herrick & Balcom, sees 180 ac-ft more gains 
from groundwater in the non-growing season and 150 ac-ft more gains in the 
growing season, for a total of 330 ac-ft/yr. 

How these gains would be apportioned among the various water rights diverting from 
Horse Creek would be a function of the relative priorities, management decisions, and 
regulation actions for each reach.  
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CHAPTER 6 – UNIT RESPONSE FUNCTIONS 

Within the LaGrange area, the numerical groundwater model described in the preceding 
chapters was used to generate URFs for each model cell in which an irrigation well or 
wells are located. A continuous stress of 20,000 cfd (104 gpm) was imposed at each 
such cell and effects on various aspects of the groundwater system were accumulated. 
A total of 58 well cells were processed in this manner, each as an individual model run. 

Numerical model URFs were generated using a flat water table version of the baseline 
model.  The concept of this modeling approach is to create a background condition in 
which all fluxes and heads are zero but where the relationships governing flux between 
the aquifer and surface water sources are defined.  Then, by introducing a unit of stress 
change, the effects on fluxes (e.g., stream gains or losses) or heads (i.e., groundwater 
levels) can be discerned directly. In essence, the flat water table model simply 
addresses the question, “all other factors remaining unchanged, what is the impact of 
pumping from this one cell?” 

To convert the model to a flat water table, we set all groundwater head elevations and 
fluxes to zero while retaining the model parameters (e.g., hydraulic conductivity, 
streambed conductance) derived in the steady state calibration.  Land surface and 
aquifer bottom elevation were modified from the original model so as to retain the same 
distances between the water table and the ground surface, and between the water table 
and the bottom of the aquifer.  This provides the same saturated thickness in the flat 
water table model as in the original, calibrated model. HCCD wells are turned off to 
approximate “current” conditions. 

ET cells were offset with recharge equal to the ET calculated in the baseline scenario. 
For each cell where ET occurs in the model (as a negative rate of water leaving the 
aquifer), the same rate is applied as a positive recharge value, resulting in zero net ET 
flux from these cells. This permitted us to track the impact each unit stress (pumping in 
an individual well cell) has on ET and other fluxes by observing the difference from zero 
in each run. 

Flux results from each unit run were determined for the following categories: stream 
segments, ET, net groundwater inflow to the Hawk Springs Reservoir, general head 
boundary (subsurface basin outflows) and total. Stream segments (Figure 4.2) were 
aggregated as follows:  

 Horse Creek above the Brown & LaGrange diversion (Seg. 1) 
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 Horse Creek between the Brown & LaGrange and Horse Creek No. 1 diversions 
(Segs. 2 & 4) 

 Horse Creek between the HC #1 and Lowe Cattle No.1 diversions (Segs. 5 & 7) 

 Horse Creek between the Lowe No.1 and the re-aligned channel upstream of the 
Hawk Springs Reservoir Supply Ditch (Segs. 8, 17, & 18) 

 Horse Creek between the Hawk Springs Reservoir Supply and Herrick & Balcom 
diversions (Seg. 22)  

 Bear Creek above the Babbit diversion (Seg. 12) 

 Bear Creek between the Babbit and Lowe Cattle No.2 diversions (Seg. 14) 

The flat water table model was operated with two stress periods. The first stress period 
consists of 25 one-year-long time steps that achieve a steady state condition in the 
model before introducing the unit stresses. The second stress period is 12.7 years long 
and consists of 4,625 day-long time steps (365 days x 12.7 years). 

6.1 URF Results 

URFs were generated for the 58 model cells that contain irrigation wells, as shown on 
Figure 6.1. Results for five representative well cells are discussed in the following 
section. The detailed URFs for all 58 cells are provided in electronic form in Appendix 6.  
In general we found that pumping primarily impacts streams and the reservoir, with other 
flux boundaries (subsurface outflows and ET) seeing only minor (smaller than 1%) 
impact from the unit stress. However, ET impacts are observed in well cells near the 
active ET area. As expected, the location of the well cell plays an important role in where 
the volume depletions occur; that is, cells next to stream segment X had the most impact 
on stream segment X. 

The following representative results are discussed below: 

1. Cell 39_23, contains a well in a stream cell 

2. Cell 40_31, contains a well adjacent to a stream cell 

3. Cell 24_21, contains a well upgradient of the reservoir (about one mile away) 

4. Cell 36_47, contains a well several miles east of Horse Creek 

5. Cell 31_05, contains a well showing pumping impact on ET 
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The graphs referenced in the following discussion show the volume-based percentage of 
pumping that is being derived from each boundary (streams, ET, net groundwater inflow 
to the Hawk Springs Reservoir, general head boundary, and total). The resulting 
depletions are presented numerically in Appendix 6. The URF shows how much, where, 
and when the volume of water pumped from the well cell will show up as cumulative 
depletions from the boundaries listed above. The URF is essentially a ratio of “total 
impact volume” to “total pumped volume” (same as the dashed lines on Figure 6.2).  
When the ratio is zero, the impacts of pumping have not shown up as depletions to any 
of the boundaries. When the ratio is one, the full pumping amount is resulting in 
depletions to streams, reservoir, ET, etc. Given a long enough run time, all total URF 
curves will rise to 1, i.e. eventually the total volume pumped will be accounted for by the 
same volume of stream flow, reservoir inflow, ET, and subsurface outflow (GHB) 
reduction.  

Although the URF model was run and URF results in Appendix 6 are provided for 12.7 
years, shorter and variable time frames are shown on the graphs that follow. This is 
because response times between different well cells vary, and focusing on the 
depletions that occur in the shortest period of time may be most useful from the 
standpoint of regulation. Areas where depletions were less than 1% at the end of the 
presented time frame are not shown on the graphs (i.e. subsurface outflow depletions, 
all less than 1% at the end of the presented time, do not appear on any of the graphs). In 
general, the graphs run out for at least a year then stop at 90% depletions or 5 years, 
whichever comes first. 

6.1.1 Cell 39_23 – Pumping Well in a Stream Cell 

Cell 39_23 illustrates the effects of pumping a well located in a stream cell. Although in 
the model the well cell and the stream cell are one and the same, MODFLOW 
calculations take into account the distance from the stream, which is effectively on top of 
the cell, to the node at the center of the cell where the pumping is removed. In this 
manner, hydraulic conductivity of the aquifer is included in URF calculations for well cells 
within stream cells because the pumping is occurring one-half cell thickness away from 
the stream (in this case, 74 ft34). Streambed conductivity also factors into the 
calculations by further slowing the depletion response time. 

Figures 6.2 and 6.3 show the URF responses for this cell under the assumption of 
continuous pumping. In this and all URFs, the pumping rate is an arbitrarily chosen 
20,000 cfd (roughly equivalent to 100 gpm). The total depletion rate in Figure 6.2 
includes volumetric depletions to net groundwater inflow to the Hawk Springs Reservoir 

                                                 
34 The dimensions of this particular cell are 1,000 ft x 1,000 ft x 148 ft, and it is the vertical dimension of 

148 ft that is halved in MODFLOW calculations. Other model cells will have different vertical 
dimensions. 
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and all stream segments. ET and subsurface outflows are not shown because the 
impacts were minor (less than 1%). The graph shows that most (99%) of the depletions 
from pumping in Cell 39_23 are felt in the streams, and only 1% is felt in the reservoir. 
After 1 year, 94% of the pumping rate is being depleted from the groundwater underflow 
to the streams and reservoir.  

Figures 6.4 and 6.5 show the URF responses for this same cell, but under a pumping 
stress that is turned off after either 30 or 60 days. Figure 6.4 shows the theoretical 
depletion rate for underflow in the system. As seen in Figure 6.2, “total” depletions are 
coming 99% from the streams. The graph shows that after 30 days of pumping, 
depletions are 66% of the pumping volume. It takes another 30 days after the well has 
been turned off for the depletion rate to drop below 10%. Pumping for 60 days results in 
a maximum of 75% depletions, and it takes approximately 50 days after the well has 
been turned off for the depletion rate to drop below 10%. 

The utility of the URF is demonstrated in Figure 6.5, which shows the depletion rate for 
two stream segments (Segments 2 & 4 and Segments 5 & 7). Most of the depletions 
from pumping in Cell 39_23 come from Segments 5 & 7. The solid black line shows the 
hypothetical situation of pumping the well at 100 gpm for 30 days and then turning it off. 
The depletion rate at the end of the 30 day pumping period is 65% (or, 65 gpm for the 
100 gpm being pumped). Two weeks after the well has been turned off, the depletion 
rate is 16%- so, by turning off the well, the URF is showing a potential stream gain from 
groundwater to Segments 5 & 7 of 49% of the pumping rate, or 49 gpm (65% - 16% is 
rate difference between 30 days and 44 days).  

Figure 6.5 also gives an example of a segment where barely any stream gains are 
realized within 30 days, because the well has not impacted that segment within 30 days 
of being turned on. Segments 2 & 4 only see 1% depletion by the time the well is shut 
off, and go back down to zero within a month or two (solid red line).   

To calculate depletion for a specific pumping rate, one should simply multiply the URF 
percentage by the pumping rate. To calculate depletion rates for a specific duration of 
pumping, (starting at Day 0 and continuing to Day X), the cumulative depletions starting 
at Day 0 are subtracted from cumulative depletions starting at Day X. The resulting 
values will show steadily growing cumulative depletions up to Day X, at which point the 
depletions will start to decrease as the volume at Day 0, Day 1, Day 2, etc. is subtracted 
from the depletions at Day X, Day X+1, Day X+2, etc. The URF tables in Appendix 6 
have the information required to perform this analysis. 

6.1.2 Comparison of Numerical Model URF to Glover 

Figure 6.6 is a graph of the Glover depletion rate for the Bracken & Lyman #2 well, 
located in model cell 39_23. These calculations were performed as described earlier in 
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Chapter 4, using the 153-ft distance between the stream and the well, the transmissivity 
(27,900 gpd/ft) determined from the reported test data for this specific well, and the 
generic 0.10 storage coefficient suggested by Borchert (1985). Figure 6.6 represents 
what one might do as a first step in assessing streamflow depletion in the absence of a 
numerical model.  In comparison to the “total impacts” shown in Figure 6.2, the Glover 
analysis results show a more rapid depletion rate. Specifically: 

 In the Glover analysis, 80% of the depletions occur within 5 days; in the numerical 
model 32% of the depletions occur within that time (and they all come out of 
Segments 5 & 7). 

 After 30 days, 92% of the depletions have occurred according to the Glover analysis; 
in the numerical model URF 66% of the depletions occur within 30 days. 

 It takes about 23 days for 90% of the depletions to have occurred in the Glover 
analysis, and 216 days for 90% depletions to occur in the numerical model. 

That the Glover analysis would show a more rapid response time is not surprising. 
These differing results are a function of assumptions and data used in the two analyses.  
Most importantly in this case, the Glover analysis assumes that the stream fully 
penetrates the entire thickness of the aquifer and contains no impeding layer of fine 
sediment/debris to delay flow between the streams and the aquifer.  In addition, the 
Glover analysis is calculating total impact to a linear stream of infinite length. These 
assumptions tend to increase the calculated flow between the aquifer and the stream in 
the analysis.  By contrast, the numerical model assumes a stream depth that is only a 
few percent of the aquifer thickness and includes representation of an, in this case, 
important impeding layer in the stream bed (i.e. streambed conductivity). 
Accommodation of these features of the real system allows the numerical model to 
better simulate the stream/aquifer relationship, and tends to reduce the calculated flow 
between the aquifer and the stream.  

Because the numerical model is constructed to discretely represent each “cell” of the 
aquifer and stream system, it can discriminate between the impacts to different stream 
reaches, and to different portions of the aquifer.  This cell-by-cell discretization has a 
downside, however, in the inability of the numerical model to discriminate differences 
within a single model cell.  In the case cited above, for example, any wells within Cell 
39_23 would be treated as being 74 ft. from the stream.  Were a more finely divided 
numerical model developed, the difference between a well 154 ft from the stream and a 
well 74 ft from the stream could be discerned.  (All else being equal, a well more than 74 
ft from the stream would be calculated to have a somewhat “slower” URF than depicted 
in Figure 6.2, and a well less than 74 ft from the stream would be calculated to have a 
somewhat “faster” response.) 
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In summary, the benefits of the numerical model URFs include: 1) the ability to 
recognize that streams do not fully penetrate the aquifer and that many streams have 
streambed conditions that inhibit the free exchange of water with the aquifer, 2) the 
ability to separate impacts by stream segment, 3) the ability to accommodate complex 
stream geometries (e.g. curved streams, multiple streams); and 4) the ability to reflect 
heterogeneous aquifers (e.g. aquifers of varying thickness and permeability). 

6.1.3 Cell 40_31 – Well Adjacent to a Stream Cell 

Cell 40_31 illustrates the effects of a well located adjacent to a stream cell in the model.  
Figure 6.7 shows the theoretical total depletion rate from continuous pumping in the cell, 
and Figure 6.8 shows the stream segment depletion rate. Within the 425-day time frame, 
depletions occur only to stream segments (as seen by the dotted red “streams (all)” line 
overlain on the black “total” line). Of the stream segments, the vast majority of depletions 
occur in Segments 2 & 4 (Figure 6.8). 

The continuous pumping URF graphs are a way of tracking where the 100 gpm pumping 
rate is coming from over time. When a well first starts to pump, it draws down the 
groundwater level in its immediate vicinity (radius of impact). This first amount of water is 
coming from the aquifer nearest the screened interval of the well. Over time, as the well 
continues to pump, it pulls water from more distant areas of the aquifer and its radius of 
impact expands. This lowers groundwater levels further away from the pumping well, 
resulting in depletions elsewhere in the system. When the well is turned off, there is a 
lag for groundwater levels to recover. Because of this lag time, depletions to other parts 
of the system caused by the lowered groundwater levels still occur even after the well 
stops pumping.  

Figure 6.8 shows the following depletions from pumping 100 gpm continuously from Cell 
40_31: 

After 1 week, depletions of: 

 16 gpm from Horse Creek, Segments 2 & 4 

After 1 month, depletions of: 

 42 gpm from Horse Creek, Segments 2 & 4 

 1 gpm from Horse Creek, Segments 5 & 7 

After 6 months, depletions of: 

 70 gpm from Horse Creek, Segments 2 & 4 
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 6 gpm from Horse Creek, Segments 5 & 7  

 1 gpm from Bear Creek, Segment 12 

Figures 6.9 and 6.10 show depletion rates for 30 and 60 days of pumping. Specific 
results of this URF are: 

 After 30 days of pumping, the total depletion rate is 43%. Thirty days after turning off 
the well (Day 60), the depletion rate is 15%, or 28% less than when the well was 
pumping. 

 After 60 days of pumping, the total depletion rate is 67%. Thirty days after turning off 
the well (Day 90), the depletion rate is 23%, or 44% less than when the well was 
pumping.  

 It takes nearly a year after turning off the well (after pumping for both 30 days and 60 
days) for depletions to approach 0%. 

Figure 6.10 shows a similar result but for stream segments specifically. Depletions to 
Segments 2 & 4 are more rapid and extensive than to Segments 5 & 7. 

6.1.4 Cell 24_21 – Well Upgradient of the Hawk Springs Reservoir 

Cell 24_21 illustrates the effects of a well located about one mile upgradient of the Hawk 
Springs Reservoir. Figure 6.11 shows the total depletion rate from continuous pumping 
in the cell, and Figure 6.12 shows the stream segment depletion rates. As this cell is 
further from stream segments than the previous two cells, it has a longer response time: 
5 years after the initial pumping stress, 88% of the pumping impacts have shown up as 
depletions elsewhere in the model.  

For the first 64 days of pumping in Cell 24_21, all depletions are coming from the Hawk 
Springs Reservoir (up to 10% at 64 days). After 64 days, depletions from streams begin 
to occur in Segments 8, 17, & 18. These are relatively minor, and after 90 days the 
depletion rate for the reservoir is 15% and in Segments 8, 17, & 18 is only 1%. Depletion 
rates to other stream segments do not exceed 1% until 164 days of continuous pumping.  

The following depletions are seen from continuously pumping 100 gpm from Cell 24_21: 

After 1 month, depletions of: 

 4 gpm from Hawk Springs Reservoir 

After 6 months, depletions of: 
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 25 gpm from Hawk Springs Reservoir 

 4 gpm from Horse Creek, Segments 8, 17, & 18  

 1 gpm from Horse Creek, Segment 22 

After 1 year, depletions of: 

 36 gpm from Hawk Springs Reservoir 

 9 gpm from Horse Creek, Segments 8, 17, & 18  

 1 gpm from Horse Creek, Segment 22 

 1 gpm from Horse Creek, Segments 5 & 7 

(These examples do not sum to 100 gpm because it takes many years for the total unit 
stress to appear as groundwater flow depletions.) 

Figure 6.13 shows the theoretical depletion rate of pumping the well for 30 days and 
then turning it off. At 30 days, “total” depletions (mainly from the reservoir) are 4% of the 
pumping rate. After turning off the well, however, the depletion rate does not immediately 
drop; instead it continues to rise up to 7% for Days 41-45, and then drops off, 
approaching 4% again at Day 164.  

6.1.5 Cell 36_47 – Well Located Several Miles from Surface Water 

Cell 36_47 illustrates the effects of a well located several miles east of Horse Creek and 
over five miles away from the Hawk Springs Reservoir. Figure 6.14 shows the total 
depletion rate from continuous pumping in the cell, and Figure 6.15 shows the stream 
segment impacts. This cell is the furthest away from a surface water boundary than any 
of the other example cells in this chapter, and as such it has the longest response time: 
5 years after the initial pumping stress, only 9% of the pumping impacts have shown up 
as depletions elsewhere in the model. Most pumping effect is still reflected in reduced 
groundwater storage in the vicinity of the well. As seen in Figure 6.14, the vast majority 
of the expressed depletions are coming from the streams. Figure 6.15 shows that 
Segments 1, 2, & 4 experience the most depletions.  

After one year of continuously pumping Cell 36_47, no depletions over 1% are seen. 
This example illustrates the considerable lag time for a pumping well far from surface 
water bodies to impact groundwater underflows in those areas.  
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6.1.6 Cell 31_05 – Well Near Areas of Natural ET 

Cell 31_05 illustrates the effects of a well in an area of natural ET. The cell is located in 
an area of high groundwater in the model, where natural ET is strongly affected by 
changes in the local groundwater level. Figure 6.16 shows the total depletion rate from 
continuous pumping in the cell, and Figure 6.17 shows the stream segment depletion 
rates. This cell has a relatively rapid response time compared to the other cells 
discussed here; after 1 year the depletion rate is at 96%. As seen in Figure 6.16, stream 
depletions account for 66%, natural ET depletions account for 27%, and depletions to 
the reservoir reach 2% in 1 year. Figure 6.17 shows that most of the stream depletions 
occur in Segments 8, 17, & 18. 

Figures 6.18 and 6.19 show depletion rates for 30 and 60 days of pumping. Specific 
results of this URF are: 

 After 30 days of pumping, the total depletion rate is 58%. Thirty days after turning off 
the well (Day 60), the depletion rate is 16%, or 42% less depletions to stream gains 
and natural ET than when the well was pumping. 

 After 60 days of pumping, the total depletion rate is 74%. Thirty days after turning off 
the well (Day 90), the depletion rate is 24%, or 50% less than when the well was 
pumping.  

 It takes nearly a year after turning off the well (at both 30 days and 60 days) for 
depletions to approach 0%. 

 Similar results are shown for “streams (all)” category. The difference between the 
total depletions and streams only depletions is attributed to depletion of natural ET. 

6.2 Limitations and Recommendations 

In the course of developing the URFs, we identified some recommendations for future 
work that could build on the results presented here. 

1. The ET zone in the transient and flat water table models could be expanded beyond 
their current limits to allow for potential ET to occur. Specifically, groundwater levels 
in the flat water table and the management scenario 3 models suggest natural ET 
could occur in more areas than currently allowed, such as the fields north of Brown & 
LaGrange ditch and south of the Horse Creek/Wye Cross No. 2 junction. We did not 
expand the ET zone in this round of modeling in order to maintain consistency 
between historically mapped areas of ET, the steady state calibration model, and the 
three transient models. 
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2. For well cells in or adjacent to stream cells, aquifer hydraulic conductivity and 
streambed conductance are important parameters for determining the response time 
for pumping in these cells. Both parameters were calibrated, as discussed in Chapter 
4. However, it could be beneficial to perform a sensitivity analysis on different values 
of streambed conductivity as they apply to the URFs, particularly in the well cells 
close to stream cells. 

3. To enhance the response time between the streams and wells located within or 
adjacent to stream cells, localized models could be created by increasing the 
discretization of the grid in these areas. The existing model could be used as the 
“regional” model for these smaller models. The grid could be refined to create cells 
with dimensions of 100 ft x 100 ft or smaller, depending on the actual distance 
between the pumping well and the stream.  

4. Although the aquifer hydraulic conductivity was calibrated using multiple different 
observation targets (heads, flow rates, etc.), it still represents a regional picture of 
permeability in the LaGrange Aquifer. Driller’s logs indicate the presence of thin 
layers of clays and silts in individual borings. We have treated these as part of the 
overall permeability of the aquifer and have not attempted to limit vertical conductivity 
in individual wells. In real life, however, these localized clay and silt layers could 
significantly impede vertical groundwater movement in individual wells, altering 
drawdown, productivity, and ultimately the response time for depletions to streams 
and the reservoir. Future data collection efforts could focus on mapping these layers 
for wells of interest, and the data could be incorporated into the localized models 
mentioned in Item #3 above, potentially as additional horizontal layers. 

It is conceivable that the numerical model (and URFs derived from it) will fail to precisely 
replicate the localized stream dry-up that occurs in reality. Despite its increased 
sophistication, the numerical model still relies on simplifying assumptions and on 
imperfect data and calibration. Any use of the model or response functions for 
administration should consider the realities of the specific site. A dry stream segment 
cannot be further depleted by continued pumping, though continued pumping would be 
expected to increase the spatial or temporal extent of dry-up. Conversely, cessation of 
pumping may not cause an increased gain to a dry stream reach, though it would be 
expected to reduce the spatial or temporal extent of dry-up. 

In general, the URFs demonstrate that well pumping causes most groundwater 
underflow depletions in the surface water bodies that are closest to the pumping. That is, 
wells closer to the reservoir have more impact on the reservoir, and wells closer to the 
streams have more impact on the streams. This result agrees with our general 
expectations and with our knowledge of the characteristics of the LaGrange aquifer.  
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CHAPTER 7 – SUMMARY OF FINDINGS DISCUSSION 

This report is a study of the relationships between groundwater and surface water in the 
Horse Creek Basin of Goshen and Laramie Counties in eastern Wyoming, with particular 
reference to the availability of water for irrigation. The main focus of attention for this 
report is the middle reach of Horse Creek, which extends from above the Town of 
LaGrange to the Ft. Laramie Canal. At the top of this reach is an area of geologic 
deposits with sufficient groundwater supplies to support extensive groundwater irrigation, 
known as the LaGrange Aquifer. The upper reaches of Horse Creek and its tributaries, 
extending into Laramie and Albany Counties, receive cursory treatment, as groundwater 
is sparsely developed in generally less-productive deposits than the LaGrange Aquifer. 
The objective of the study is to evaluate impacts of pumping wells to Horse Creek, its 
tributaries, and Hawk Springs Reservoir. 

This project was instigated by the most recent in a long line of concerns with the impact 
of groundwater development on groundwater levels, Horse Creek stream flow, and the 
accrual of water in Hawk Springs Reservoir. Specifically, in an April 1, 2009 letter to the 
Groundwater Division of the WSEO, 33 local irrigators requested “an investigation into 
the interference along Horse Creek and Tributaries,” and, noting that virtually all 
groundwater rights in the area are junior in priority to virtually all surface water rights, 
requested for “all wells in the area to be regulated in priority to allow Hawk Springs 
Reservoir to fill.” The WSEO determined that they did not have sufficient information to 
justify the requested regulation, so commissioned the current study to develop an 
understanding of how groundwater development impacts stream flow and reservoir 
accruals, and of the potential impacts of priority regulation of groundwater. 

7.1 Hydrogeology and History Conclusions 

The major aquifer of the study area occurs in the LaGrange area. It is a combination of 
alluvial deposits and the immediately underlying portions of the Brule Formation. Outside 
the LaGrange area, significant groundwater production primarily occurs from the 
Arikaree Formation, from the limited alluvial deposits associated with Horse Creek, Bear 
Creek, and their tributaries, and from local areas of enhanced permeability in the Brule 
Formation. 

Both the composition of these aquifers and their water-level responses to recharge and 
discharge (e.g. pumping) demonstrate the interconnected nature of surface and 
groundwater resources in the study area. Groundwater resources are recharged through 
the seasonal infiltration of precipitation, irrigation water, and, to a limited extent, stream 
flow. Groundwater level mapping shows that groundwater moves through the aquifer 



SUMMARY OF FINDINGS AND DISCUSSION 
Horse Creek Groundwater / Surface Water Connection Investigation 
  
 

Final Report Page 7-2 
October 2011 

beneath the study area, flowing toward areas of discharge to the surface as stream 
gains to Horse Creek and Bear Creek in the LaGrange area and as subsurface inflows 
to Hawk Springs Reservoir. Groundwater along the eastern edge of the study area flows 
eastward into the Pumpkin Creek drainage. Due to the termination of significant aquifers 
around the north end of Hawk Springs Reservoir, only a small amount of groundwater 
continues northward from that point. 

Based on the geology and groundwater flow patterns of the study area, it is clear that the 
extraction and consumption of groundwater via irrigation wells will reduce the quantity of 
groundwater naturally discharging to the surface via stream flow and reservoir gains and 
via shallow-groundwater evapotranspiration (including subirrigation). 

Surface-water irrigation in the study area has been well developed since the early 20th 
century. All flow in both Horse Creek and Bear Creek is routinely diverted at irrigation 
headgates and into irrigation reservoirs, and diversions under irrigation water rights 
occur throughout the year. Water is available for diversion below senior-priority 
headgates primarily as a function of irrigation return flows and stream gains from 
groundwater. Stream flow in excess of diversion and storage demands rarely provides 
any flow at the downstream edge of the study area (i.e. the Fort Laramie Canal). Surface 
irrigation in the LaGrange area is under priority regulation on a virtually permanent, year-
round basis, with water right priorities junior to the mid-1910s rarely receiving water. 

The development of groundwater irrigation in the study area primarily took place 
between 1963 and 1977, providing both original supplies to newly cultivated land and 
additional supplies to lands with existing surface-water irrigation rights. Groundwater 
rights have historically not been regulated in priority with surface water rights in the study 
area, although the potential for groundwater irrigation depletion of surface water supplies 
has been the subject of controversy in the area since the beginning of significant 
groundwater irrigation in the mid 1960s. 

7.2 Numerical Modeling Conclusions 

The main objective of the numerical modeling work associated with this study was to 
quantitatively evaluate the spatial and temporal impacts of irrigation wells to Horse 
Creek, Bear Creek, and Hawk Springs Reservoir. The model domain encompasses 130 
square miles near the Town of LaGrange, and the model evaluates the changes in 
groundwater flow when distinct areas of the aquifer are subjected to changes in pumping 
stress and surface water diversion and irrigation recharge changes. 

Through steady state sensitivity analysis, transient management scenario analysis, and 
unit response function development, the following conclusions were reached for the 
groundwater/surface water interactions within the model domain: 
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Hawk Springs Reservoir. We found that underflow from the aquifer to the groundwater 
(i.e. groundwater seepage and springs) is sensitive to the water surface elevation in the 
reservoir. That is to say, lower reservoir elevations result in increased underflow from the 
aquifer (gains to the reservoir), and higher reservoir elevations result in decreased 
underflow. Another result of reservoir elevation is seepage to the streams- we found that 
at higher reservoir elevations (for example, going from 4,470 ft to 4,480 ft), seepage to 
streams increased by nearly 3 cfs. At lower reservoir elevations (decreasing from 4,470 
ft to 4,460 ft) the result is 2.3 cfs less gains to the streams. This result demonstrates that 
the aquifer, reservoir, and streams in the northern portion of the model domain share a 
strong hydraulic connection. 

The management scenario models showed that the reservoir gains water from the 
aquifer in both “non-growing” and “growing” seasons, but that the volume of gains during 
the non-growing season (October – April) are higher. This is due in part to the irrigation 
pumping that occurs in the growing season, but also represents a lag time for surface 
water irrigation recharge to flow underground from the fields on which they were applied 
to the reservoir.  

The annual average groundwater inflow to the reservoir under the baseline scenario 
(current conditions, no HCCD pumping wells) is 6.4 cfs. Under the “no wells” scenario 
(all irrigation well pumping turned off), groundwater inflow to the reservoir is 8.0 cfs, very 
close to the original appropriation for the Hawk Springs Ditch before the reservoir was 
constructed or any groundwater wells were completed. This difference amounts to 
roughly 1,160 ac-ft/yr more gains to the reservoir in the “no wells” model. Finally, a 
comparison of the baseline scenario to the scenario where Horse Creek No. 1 has 
discontinued diversion and recharge shows that reservoir gains from groundwater 
decrease by 890 ac-ft/yr, which represents 46% of the non-growing season recharge 
applied by Horse Creek No. 1. The obvious potential for an increase in surface inflows to 
the reservoir under this scenario was not evaluated in this groundwater study. 

Streams (Horse Creek and Bear Creek). Surface water gains to the creeks from 
groundwater are influenced by irrigation well pumping, as demonstrated by the 
management scenario models. The baseline model, with irrigation wells pumping during 
the growing season, simulates gains and losses in reaches and general quantities where 
gains and losses have been observed. In comparison, the “no wells” scenario has 
consistently higher gains to the streams starting downstream of the Brown & LaGrange 
headgate for Horse Creek and downstream of the Van Alton return flow for Bear Creek. 
Diversion amounts are held consistent in all scenarios, so the total additional gains leave 
the model via Horse Creek. The baseline model shows 5.6 cfs (non-growing)/3.7 cfs 
(growing) leaving the model, while the “no wells” model has 10.8 cfs (non-growing)/9.3 
cfs (growing) leaving the model. This amounts to an increase in gains from groundwater 
to the streams of 2,170 ac-ft in the non-growing season and 1,670 ac-ft in the growing 
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season. This suggests significant gains to the streams from underflow if all irrigation 
pumping was discontinued. The results of the management scenario runs further support 
the hydrologic connection between the streams and the aquifer in the model domain. 

Unit Response Functions. In general, the URFs demonstrate that well pumping causes 
most volumetric groundwater underflow depletions in the surface water bodies that are 
closest to the pumping. The rate at which the water body is depleted is also most 
influenced by how close the well is to the water body, i.e. depletions occur most rapidly 
for wells closest to the water body, while those that are furthest away have the longest 
response time. 

Comparing the numerical model URF to one generated with the Glover analysis - a 
widely used, relatively simple calculation approach - reveals a slower response rate with 
the numerical model than with the Glover, on the order of 80% depletions in 5 days with 
Glover and 32% depletions in 5 days with the numerical model. This result is significant 
and suggests streambed conductivity as the reason for the slower response with the 
numerical model. As this model is isotropic (i.e. aquifer conductivity is equal in all 
directions x, y, and z), the calibrated streambed conductivity values point to a lower 
vertical conductance in the streams than what is portrayed in the Glover analysis. 

7.3 Wyoming Water Rights 

As noted in the introduction, the administration of Wyoming water rights is primarily 
based on the principle of “first in time, first in right”.  Groundwater resources are explicitly 
brought into this priority structure through the provisions of W.S. 41-3-916, “... where 
underground waters and surface streams are so interconnected as to constitute in fact 
one source of supply ...” 

The physical hydrology of the study area (Chapter 2) provides qualitative proof that the 
main aquifer is hydraulically connected with the stream/reservoir system. Numerical 
modeling of the aquifer (Chapter 4) provides approximate quantification of the degree 
and timing of that connection. The circumstances under which the surface water 
/groundwater connections documented in this report are sufficient to “constitute in fact 
one source of supply” are an administrative/legal determination beyond the scope of our 
assignment. 

The history of irrigation in the study area (Chapter 3) and comparison of the individual 
water-right priorities listed in Table 3.3 (groundwater irrigation rights), Appendix 3 
(surface rights), and Appendix 4 (other groundwater rights) document that, for the most 
part, groundwater priorities are junior to surface-water priorities throughout the study 
area.   
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Both the physical hydrology of the study area (Chapter 2) and the history of water 
administration (Chapter 3) document the rarity of streamflow in excess of 
contemporaneous demands, i.e. unappropriated water.  However, the experience of 
2010 and 2011 demonstrate that the historical scarcity is not constant.  Small quantities 
of unappropriated water do occur once in a great while. To the extent groundwater is 
connected with surface water, as it is for the major aquifers of the study area, exercising 
the groundwater reservoir through pumping and recharge may change the timing and 
location, but cannot change the ultimate availability of water for appropriation within the 
study area.  A small exception to the inherent competition between surface and 
groundwater appropriations for use of the overall water resources of study area is the 
limited availability of “ET salvage”. To the extent surface water/groundwater 
management reduces groundwater levels sufficiently to reduce the evapotranspiration of 
natural (i.e. non water-righted) vegetation and evaporation from soil and water-body 
surfaces, unappropriated water can be captured.  (See Chapter 5 for details.) 

7.4 Groundwater Modeling as a Tool for Water Rights Administration 

In addition to evaluation of hydrologic conditions in the Horse Creek Basin, this project 
was intended to evaluate the application of groundwater modeling as a tool for water-
rights administration. As discussed in the report, priority administration of groundwater in 
Wyoming has not developed an extensive historical record. While there are statutory 
provisions keyed to determinations of “one source of supply”, specific numerical criteria 
for such determinations have not been promulgated. Historically, local 
Hydrographer/Commissioners have exercised wide latitude in meeting the complex 
challenges of on-the-ground water administration. This section explores a spectrum of 
quantitative groundwater analysis tools with potential application to administrative 
issues. These tools are discussed below, in order of increasing complexity and expense. 

1. Basic hydrologic connection and mass balance. 

The fundamental physics of mass balance require that groundwater extracted from an 
aquifer must produce either an increase in recharge (e.g. stream/pond infiltration), a 
decrease in aquifer discharge (e.g. stream gains, subirrigation, natural 
evapotranspiration), or a decrease in the storage of water within the aquifer (i.e. a 
decrease in groundwater levels). In many cases, the general association of groundwater 
and surface water can be determined from basic observations of groundwater gradients 
(e.g. flow directions, groundwater divides), the nature of the aquifers (e.g. direct contact 
between aquifer and stream), trends in groundwater levels (e.g. if groundwater storage 
is being depleted), and opportunities for groundwater production at the expense of non-
beneficial vegetation. These are the basic elements of a hydrogeologic study as 
provided in Chapter 2 of this report. 
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Thus, if issues of depletion timing are not significant, either because a shallow well is 
located so close to a stream that depletions are obviously quick or because any level of 
depletion is considered grounds for regulation, no additional analysis may be necessary. 

2. “Glover” and related analytical models. 

The analytical equations of Glover and Balmer (1954) and their refinement and 
implementation by Jenkins (1968), Schroeder (1987), Hunt (1999), AWAS (2001), USGS 
(2008) and others provide relatively simple tools for assessing the lag times associated 
with groundwater development and stream depletion. This approach has received 
widespread application in water administration throughout the western United States. 
This approach was applied by the Wyoming SEO to the regulation of irrigation wells on 
Bates Creek (see Langstaff, 2006) and, in this report, to the evaluation of wells upstream 
of the LaGrange area (e.g. the analytical response functions of Chapter 4). 

The “Glover”-based models represent a relatively simple aquifer/stream system; e.g. 
effects to a single, linear reach of infinite extent, , full penetration of the aquifer by the 
stream; no impeding sediments in streambeds; generally homogeneous aquifers; 
streams which are never entirely de-watered; and aquifers which are not significantly 
drawn down. As with any aquifer model, every detail of the physical system cannot be 
explicitly represented. The issue is one of suitability to the task for which the model is 
being used. The “Glover” models are able to distinguish volumes and rates of depletion 
as a function of time, e.g. how much depletion occurs within a period during which a 
stream is under priority regulation, and are superior to numerical models in reflecting 
small differences in distance, but are less suited to distinguishing depletion occurring to 
different stream reaches, to multiple stream reaches, and where stream and aquifer 
geometries and/or characteristics change substantially over space. Typically, the 
simplifications inherent in “Glover”-based modeling tend to overestimate the degree of 
stream depletion somewhat, but this inexpensive technique can provide valuable insight 
into the general magnitude of depletions and the relative depletions of various 
stream/aquifer/well systems.  

A “hybrid” approach, in which aquifer/streambed parameters developed from a numerical 
model are used as input to an analytical model, may be suitable in some situations, e.g. 
to evaluate differences among wells which would fall within a single numerical model 
cell. 

In the case of the LaGrange aquifer, the presence of multiple streams, a spatially-limited 
and relatively thin aquifer of variable permeability, abundant irrigation-based recharge, 
and stream segments that are routinely de-watered indicated a more accommodating 
model was appropriate. For example, the comparison of a “Glover” model of stream 
depletion with the results of more complex modeling of a near-stream well in the 
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LaGrange area (p. 6-4) demonstrates the potential importance of streambed hydraulic 
conductivity on the timing of depletion impacts. 

3a. Numerical “change” models. 

Numerical models are those representing the aquifer/stream system as an array of 
individual cells (or nodes), each of which can be assigned individual characteristics of 
thickness, permeability, storage characteristics, boundaries, etc. Thus, complex stream 
geometries, multiple streams, multiple aquifers, and 2- or 3-dimensional distributions of 
aquifer permeability and storage characteristics can be represented. The degree of 
detail which can be represented is limited only by the availability of data and the 
manpower and financial resources to process the data and construct and operate the 
model. Such models can be configured as “flat water table” models, in which aquifer 
parameters are assigned reasonable values but little or no attempt is made at 
calibration. The model is operated in “change” mode, tracking only the differences in 
groundwater levels, stream flows, etc. that result from imposing a stress – like the 
production from an irrigation well – while holding all other aquifer/stream inputs and 
outputs constant. Results take the form of “the difference in stream flow with and without 
XX pumping, is YY”, but cannot provide absolute values of the form, “stream flow will be 
ZZ, with pumping”. A “change” model can be used to generate response functions 
similar to those produced by analytical methods, but with the advantage of reflecting 
spatial distribution of effects. A change model was used to generate the Unit Response 
Functions of this report, but the parameters for that model were developed through more 
complicated, water-balance modeling. 

3b. Numerical “water-balance” models. 

The next more-complicated (and, typically more expensive) level of modeling is to 
include all elements of the water balance as explicit terms, to calibrate model 
parameters to match a variety of observed phenomenon (e.g., water levels, stream 
reach gains, etc.) and to calculate the interactions between elements of the water 
budget. These elements include precipitation and irrigation recharge, stream flow, 
stream gains and losses, irrigation diversions and seepage, evapotranspiration, and 
groundwater inflow/outflow. Modeled interactions may include inter-well interference, 
stream dewatering, decreases or increases in aquifer saturated thickness, changes in 
evapotranspiration, etc. Results can include predictions of absolute values of fluxes as 
well as changes in flux. As with change models, the degree of detail which can be 
modeled is limited only by the available data and manpower/financial resources. This 
level of modeling is suited to evaluation of full-fledged management scenarios where 
multiple impacts produce complex and inter-related results and where the approximation 
of “superposition” (an aggregate impact being the simple sum of individual impacts) is 
inappropriate. 
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Based on the previous development of a water-balance model for the LaGrange aquifer 
(i.e. Borchert, 1985), expansion of that model to include the stream flow and reservoir 
elements of interest was judged to be commensurate with the desired level-of-effort for 
the present study. However, while considerable input data were salvaged from the 
Borchert model, its documentation was insufficient to allow duplication of the critical 
component of permeability distribution. Furthermore, the Borchert model’s focus on 
groundwater levels rather than stream flow impacts required substantial additional 
calibration. In retrospect, a simpler change model, populated with available aquifer test 
data and the limited data which could be gleaned from previous studies, would have 
been better suited to the project budget and schedule. 

3c. Integrated surface-groundwater models. 

With sufficient effort and data, the entire surface water/groundwater system can be 
hydrologically modeled. Applied to the Horse Creek basin, for example, this could 
include incorporation of irrigation diversions and return flows as a function of climatic 
parameters and water-right priorities, and the storage and release of water from Hawk 
Springs Reservoir. There have been attempts to create such integrated models in 
several settings around the U.S., with less than universal success. Because of the level 
of effort required, and the need for relatively large amounts of high quality data, such 
models are usually attempted only in situations involving large-scale impacts and 
substantial management resources. 
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Chapter 1 Figures 

 

Figure 1.1:  Horse Creek Basin Location Map 
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Figure 1.2:  Stream Flow and Irrigation Well History in Pumpkin Creek Basin, NE 

 

 

Figure 1.3:  Stream Flow and Irrigation Well History in Lodgepole Creek Basin, WY 
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Chapter 2 Figures 

 

Figure 2.1:  Study Area Precipitation 
 

 

Figure 2.2:  Study Area Seasonal Distribution of Precipitation 
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Figure 2.3:  Division 8 Palmer Drought Severity Index (PDSI) 
 



FIGURES  
Horse Creek Groundwater / Surface Water Connection Investigation 
 

Final Report Page 6 
October 2011 

 

Figure 2.4:  Horse Creek Basin Stream Flow Gages, Headgates, and Irrigation Wells 
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Figure 2.5: Hawk Springs Reservoir Semi-Monthly Res. Contents and Annual Net Storage 
 

 

Figure 2.6:  Hawk Springs Reservoir Average Net Accrual Rates Between Measurements
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Figure 2.7:  Horse Creek Basin Geology 
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Figure 2.8:  LaGrange Area Geology 
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Figure 2.9:  Horse Creek Basin Irrigation 
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Figure 2.10:  Aquifers and Estimated Permeabilities (ft/day) for LaGrange Area Irrigation Wells 
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Figure 2.11:  Generic Groundwater Flow Schematic 
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Figure 2.12:  Generic Groundwater Depletion Schematic 



FIGURES  
Horse Creek Groundwater / Surface Water Connection Investigation 
 

Final Report Page 14 
October 2011 

 

Figure 2.13:  LaGrange Area Groundwater Flow 
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Figure 2.14:  April 1978 Groundwater Level Contours 
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Figure 2.15:  LaGrange Area Irrigation and Select Monitor Wells  
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Figure 2.16:  Pump House #2 Well (Monitor Well 293, 20-61-25cbc2) and PDSI 
 

 

Figure 2.17:  Hill Well (Monitor Well 291, 20-60-29bac2) 
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Figure 2.18:  LaGrange Haystack Well (Monitor Well 297, 19-61-13baa) 
 

 

Figure 2.19:  LaGrange #2 Well (Monitor Well 268, 20-60-30bbb) 
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Figure 2.20:  North Field Well (Monitor Well 292, 20-61-25dcc) 
 

 

Figure 2.21:  North Well (Monitor Well 275, 20-61-15ada2) and Hawk Springs Reservoir 
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Figure 2.22:  North & South Wells (Monitor Wells 275 and 276, 20-61-15-ada2) 
 
 

 

Figure 2.23:  LaGrange #1 Well (Monitor Well 209, 19-61-10aab) 
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Figure 2.24: J. Ward Well (Monitor Well 295, 20-61-32dbc) 
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Chapter 3 Figures 

 

Figure 3.1:  LaGrange Area Irrigation Map 
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Figure 3.2:  LaGrange Area Land Ownership Summary Map 
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Figure 3.3:  LaGrange Area Headgate Schematic  
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Figure 3.4:  Horse Creek and Bear Creek Diversion Periods, Water Years 2004-09 
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Figure 3.5:  Goshen Hole Supply Canal Headgate 
 
View is downstream (north). Canal is on the left. The seldom used channel of Horse Creek is on the right. 
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Figure 3.6:  Horse Creek Basin – Irrigation Wells Cumulative Permitted Yield 
 

 

Figure 3.7:  Estimated Annual Groundwater Pumpage, 1962-1979 
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Figure 3.8:  C Meier Well (Monitor Well 105, 20-61-23ccc01) 
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Chapter 4 Figures 

 

Figure 4.1:  Model Domain, Boundary Conditions, and Grid Configuration 
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Figure 4.2:  Well Cells and Actual Irrigation Well Locations 
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Figure 4.3:  Diagram of Stream and Ditch Segments 
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Figure 4.4:  Hydraulic Conductivity Zones and Values 
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Figure 4.5:  Recharge Zones and Values 
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Figure 4.6:  Calibration Statistics – Modeled vs. Observation 
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Figure 4.7:  Potentiometric Contours – Modeled vs. Observation
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Figure 4.8: Idealized Glover Model 
 

 

Figure 4.9:  Stream Depletion Rates with Distance 
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Chapter 5 Figures 

 

Figure 5.1: Evapotranspiration in the Transient Numerical Model 
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                         Figure 5.2: Net Storage (Inflows – Outflows) 
 
 

 

Figure 5.3: Natural ET Losses 
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Figure 5.4: Outflow from the Aquifer to the Reservoir 
 

 

Figure 5.5: Outflow from the Aquifer to Horse and Bear Creeks
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Chapter 6 Figures 

 

                         Figure 6.1:  Unit Response Function Cells (Row_Column) 
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Figure 6.2:  Cell 39_23 Theoretical Depletion Rate, Continuous Pumping  
 
 
 

 

Figure 6.3:  Cell 39_23 Stream Segment Depletion Rate, Continuous Pumping  
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Figure 6.4:  Cell 39_23 Theoretical Depletion Rate, 30 & 60 Days of Pumping 

 

 

Figure 6.5:  Cell 39_23 Stream Segment Depletion Rate, 30 Days of Pumping  
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Glover Depletion Rate for Bracken & Lyman #2 

 

Figure 6.6:  “Glover” Depletion Rate for Bracken & Lyman #2 (Well in Cell 39_23)  
 

 

Figure 6.7:  Cell 40_31 Theoretical Depletion Rate, Continuous Pumping   
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Figure 6.8:  Cell 40_31 Stream Segment Depletion Rate, Continuous Pumping 
 
 

 

Figure 6.9:  Cell 40_31 Theoretical Depletion Rate, 30 & 60 Days of Pumping 
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Figure 6.10:  Cell 40_31 Stream Segment Depletion Rate, 30 Days of Pumping 

 

 

Figure 6.11:  Cell 24_21 Theoretical Depletion Rate, Continuous Pumping 
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Figure 6.12:  Cell 24_21 Stream Segment Depletion Rate, Continuous Pumping 

 

 

Figure 6.13:  Cell 24 21 Theoretical Depletion Rate, 30 & 60 Days of Pumping 
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Figure 6.14:  Cell 36_47 Theoretical Depletion Rate, Continuous Pumping 

 

 

Figure 6.15:  Cell 36_47 Stream Segment Depletion Rate, Continuous Pumping 
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Figure 6.16:  Cell 31_05 Stream Segment Depletion Rate, Continuous Pumping 

 

 

Figure 6.17:  Cell 31_05 Stream Segment Depletion Rate, Continuous Pumping 
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Figure 6.18:  Cell 31_05 Theoretical Depletion Rate, 30 & 60 Days of Pumping 

 

 

Figure 6.19:  Cell 31_05 Stream Segment Depletion Rate, 30 & 60 Days of Pumping 
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Chapter 2 Tables 

 

Table 2.1:  Horse Creek Basin Stream Flow Gages 
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Table 2.2:  LaGrange Area Irrigation Well Test Data 
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Table 2.3:  Horse Creek Basin Irrigation Wells Outside LaGrange Area  
 
Please refer to DVD for data.  
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Table 2.4:  LaGrange Area Select Monitor Wells  
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Chapter 3 Tables 

 

Table 3.1:  Horse Creek Basin Irrigated Acreage 

 Total Study Area LaGrange Area Outside LaGrange Area 

Only surface water 18,386 2,009 16,377 

Only groundwater 5,494 2,118 3,376 

Groundwater 
additional supply to 
surface rights 

6,083 5,269 814 

HCCD lands for 
which additional 
groundwater 
supply inactive 

10,229 0 10,229 
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Table 3.2:  LaGrange Area Flow Schematic 
 

 

 
 

Table 3.3:  Study Area Irrigation Wells 
 
Please refer to DVD for data. 
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Chapter 4 Tables 

Table 4.1:  Numerical Model Stream Segment Data – Annualized Average Values 

Description of stream segment 

Segment 
No. 

Amount of flow entering 
segment or being diverted 

into ditch 
Segment from which 

flow is diverted 

Hydraulic 
conductivity of 
the streambed 

(cfs) (No.) (ft/day) 

Horse Creek entering model domain 1 22 entering model n/a 0.5 
Horse Creek parallel to Brown & LaGrange Ditch 2 n/a n/a 0.5 
Brown & LaGrange Ditch 3 8.3 diversion 1 0 
Horse Creek between B&L Ditch and HC #1 Ditch 4 n/a n/a 1.0 
Horse Creek parallel to HC #1 Ditch 5 n/a n/a 0.5 
Horse Creek No.1 Ditch 6 2.8 diversion 4 0 
Horse Creek downstream of HC #1 ditch 7 n/a n/a 1.0 
Horse Creek to junction with Wye Cross Ditch 8 n/a n/a 1.0 
Lowe Cattle No.1 Ditch 9 3.1 diversion 7 0 
Bear Creek entering model domain 10 3.5 entering model n/a 0.15 

Van Alton Ditch 11 1.5 return flow 
Return flow- diversion is 
upstream of model area 0 

Bear Creek downstream of Van Alton Ditch 12 n/a n/a 0.5 
Babbitt Ditch 13 2.5 diversion 12 0 
Bear Creek downstream of Babbitt Ditch 14 n/a n/a 1.0 
Bear Creek downstream of Lowe Cattle No.2 Ditch 15 n/a n/a 1.0 
Lowe Cattle No.2 Ditch 16 4.5 diversion 14 0 
Horse Creek downstream of Wye Cross Ditch 17 n/a n/a 1.0 
Horse Creek upstream of Hawk Springs Ditch 18 n/a n/a 1.0 
Ditch segment upstream of Spy and Hawk Springs 
Reservoir Supply 19 7.5 diversion 18 0 
Spy Ditch 20 0.5 diversion 19 0 
Hawk Springs Reservoir Supply Ditch 21 7.0 diversion 19 0 
Horse Creek upstream of Herrick & Balcom Ditch 22 n/a n/a 0.5 
Horse Creek out of the model domain 23 n/a n/a 1.0 
Herrick & Balcom Ditch 24 0.9 diversion 22 0 
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Table 4.2:  Numerical Model Hydraulic Conductivity Zones  

 

Zone K (ft/day) 

1 0.054 
2 0.093 
3 0.39 
4 3.98 
5 8.15 
6 89.14 
7 131.4 
8 251.77 

Note: the model is isotropic, therefore Kx = Ky = Kz 
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Table 4.3:  Recharge Zone Data 

Zone Recharge rate 
(ft3/day/ft2) 

Equivalent 
volume  
(ac-ft/yr) Represented parameter 

1 -0.02390 -800 Groundwater underflow leaving the model beneath Horse Creek1 
2 -0.00330 -1,500 Groundwater underflow towards the Pumpkin Creek watershed 
3 -0.00421 -600 Evapotranspiration 
4 0.00018 3,630 Precipitation 

5 0.00380 7,830 Infiltration from surface water irrigation (water from ditches2) 
6 0.00619 1,400 Groundwater underflow entering the model in the southeast corner 
7 0.00674 1,920 Irrigation recharge from Horse Creek No.1 Ditch 
8 0.00329 800 Groundwater underflow into the model in the vicinity of Bear Creek 
9 0.00542 1,500 Groundwater underflow into the model in the vicinity of Horse Creek 

Notes:        
1) Negative rate indicates water out of the aquifer. For example, Zone 3 represents 1500 ac-ft flowing out of the model 

domain, and thus out of the LaGrange aquifer. 
 

2) Zone 5 includes all ditches in the model area except for Horse Creek No.1. 
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Table 4.4:  Stream Flows in Select Segments, Steady State Calibration Model 

Stream Flows in Select Segments 

Flow into 
Segment 

Flow out 
of 

Segment 

Net 
Change 
in Flow* 

Gaining or 
Losing 

Stretch? cfs cfs cfs 

Horse Creek:   

Upstream of Brown & LaGrange (Seg 1) 22.0 19.2 -2.8 Losing 

Between B&L and HC#1 (Segs 2 & 4) 10.9 8.6 -2.3 Losing 

Between HC#1 and Lowe #1 (Segs 5 &7) 5.8 9.8 4.0 Gaining 

Between Lowe #1 and ditch to Hawk Springs 
Reservoir Supply (Segs 8, 17, & 18) 

6.7 8.1 1.4 Gaining 

Between Hawk Springs Reservoir Supply and 
Herrick & Balcom (Seg 22) 

0.6 4.5 4.0 Gaining 

Downstream of H&B out the model domain (Seg 23) 3.6 4.4 0.7 Gaining 

Bear Creek:  

Upstream of Babbitt (Segs 10 & 12) 3.5 3.9 0.4 Gaining 

Between Babbitt and Lowe #2 (Seg 14) 1.4 1.3 -0.1 Losing 

Downstream of Lowe #2 (Seg 15) 0.0 0.0 0.0 Dry 
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Table 4.5:  Calibration Scenario Water Budget 
Aquifer Mass Balance 

Steady State Calibration Model 
(ac-ft/yr) (cfs) 

Inflows:    

Recharge 

Precipitation 

Underflow 

Irrigation 

HC#1 Recharge 

17,080

3,630

3,700

7,830

1,920

23.6 

Reservoir leakage 1,950 2.7 

Stream leakage 5,820 8.0 

total in: 24,850 34.3 

Outflows:    

Wells 9,900 13.7 

Recharge (underflow) 

ET 

2,320

600

3.2 

0.8 

Reservoir leakage 3,030 4.2 

General head boundary 400 0.6 

Stream leakage 8,610 11.9 

total out: 24,860 34.3 
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Table 4.6:  Results of Sensitivity Analysis on Steady State Model 

  Reservoir Altitude 

5% of 
Precipitation 

Value 
Aquifer  

Discharge 
Aquifer  

Discharge 
RMS  

Deviation 
Normalized 

 RMSD 

  (feet) 
(annual  

average, in.) (ac-ft per yr) (cfs) (ft) (%) 

Run 4460 4470 4480 13.1 15.4 16.1 
to 

Creeks 
to  

Reservoir 
to 

Creeks 
to  

Reservoir 
Entire  
Model 

Entire 
Model 

1 X X 8,610 3,030 11.9 4.2 13.8 3.9% 

2 X X 6,550 4,670 9.0 6.5 14.7 4.1% 

3 X X 4,840 6,460 6.7 8.9 15.9 4.5% 

4 X X 8,310 2,840 11.5 3.9 18.8 5.3% 

5   X     X 8,630 3,050 11.9 4.2 13.5 3.8% 
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Chapter 5 Tables 

 

Table 5.1.  Management Scenario Parameters 

Model Input 

Assumption 

Scenario 1, baseline Scenario 2, no HC#1 

diversion or recharge 

Scenario 3, no 

pumping 

Stress Period Stress Period Stress Period 

Non-

growing Growing 

Non-

growing Growing 

Non-

growing Growing 

Wells Off On Off On Off Off 

Diversions   

Brown & LaGrange Off On Off On Off On 

Horse Creek #1 On Off Off Off On Off 

Lowe Cattle #1 Off On Off On Off On 

Babbitt On Off On Off On Off 

Lowe Cattle #2 Off On Off On Off On 

Hawk Springs 
Reservoir Supply 

On Off On Off On Off 

Spy Off On Off On Off On 

Herrick & Balcom Off On Off On Off On 

ET Off On Off On Off On 

Irrigation Recharge Off On Off On Off On 

Horse Creek #1 
Recharge 

On Off Off Off On Off 
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Table 5.2.  Transient Recharge Values 

Zone 
Recharge Zone 

Description 

Non-growing Season Growing Season 

Rate Volume Rate Volume 

(ft3/day/ft2) (ac-ft) (ft3/day/ft2) (ac-ft) 

1 
Horse Creek 
underflow 

-0.0239 -467 no change -333 

2 
Pumpkin Creek 
underflow 

-0.0033 -851 no change -608 

n/a Evapotranspiration - linear rate, not a recharge zone in the transient model -------------------------- 

4 Precipitation 0.00013 1,496 0.00026 2,134 

5 
Irrigation 
recharge 

0 0 0.009243 7,830 

6 SEC underflow 0.006188 817 no change 583 

7 HC#1 recharge 0.011714 1,920 0 0 

8 
Bear Creek 
underflow in 

0.003292 467 no change 333 

9 
Horse Creek 
underflow in 

0.005425 875 no change 625 
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Table 5.3.  Scenario 1 Water Budget 
Scenario 1 – Baseline (status quo; HCCD wells off) 

Inflows to the aquifer 

Non-growing 
Season 
(ac-ft) 

Growing 
Season 
(ac-ft) 

Total 
(ac-ft) 

Recharge 5,550 11,480 17,030 

Precipitation 1,500 2,130 

Underflow 2,130 1,520 

Irrigation 0 7,830 

HC #1 Recharge 1,920 0 

Reservoir 560 350 910 

Streams 3,430 2,350 5,780 

Total Inflow 9,540 14,180 23,720 

Outflows from the aquifer 

Wells 0 7,100 7,100 

Recharge (underflow) 1,340 950 2,290 

ET 0 750 750 

Reservoir 2,500 2,090 4,590 

GHB 240 170 410 

Streams 4,920 3,600 8,520 

Total Outflow 9,000 14,670 23,660 

Net Storage -550 500 -50 
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Table 5.4.  Scenario 2 Water Budget 
Scenario 2 - No HC#1 Diversion or Recharge 

Inflows 

Non-growing 
Season 
(ac-ft) 

Growing 
Season 
(ac-ft) 

Total 
(ac-ft) 

Recharge 3,650 11,520 15,170 

Precipitation 1,500 2,170   

Underflow 2,130 1,520   

Irrigation 0 7,830   

HC #1 Recharge 0 0   

Reservoir 590 360 950 

Streams 3,570 2,350 5,920 

Total Inflow 7,810 14,230 22,040 

    

Outflows       

Wells 0 7,100 7,100 

Recharge (underflow) 1,340 950 2,290 

ET 0 730 730 

Reservoir 2,030 1,710 3,740 

GHB 240 170 410 

Streams 4,510 3,380 7,890 

Total Outflow 8,120 14,040 22,160 

    

Net Storage 300 -150 150 
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Table 5.5.  Scenario 3 Water Budget 
Scenario 3 - No Pumping Wells 

Inflows 

Non-growing 
Season 
(ac-ft) 

Growing 
Season 
(ac-ft) 

Total 
(ac-ft) 

Recharge 5,550 11,480 17,030

Precipitation 1,500 2,130   

Underflow 2,130 1,520   

Irrigation 0 7,830   

HC #1 Recharge 1,920 0   

Reservoir 520 340 860

Streams 3,260 2,090 5,350

Total Inflow 9,330 13,910 23,240

    

Outflows     

Wells 0 0 0

Recharge (underflow) 1,340 950 2,290

ET 0 970 970

Reservoir 3,210 2,650 5,860

GHB 240 170 410

Streams 6,940 5,810 12,750

Total Outflow 11,730 10,550 22,280

    

Net Storage 2,400 -3,340 -940
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Table 5.6.  Stream Flows in Select Segments 

  Non-growing Season Growing Season 

  
Scenario 

1 
Scenario 

2 
Scenario 

3 
Scenario 

1 
Scenario 

2 
Scenario 

3 

  (cfs) (cfs) (cfs) (cfs) (cfs) (cfs) 

Flow entering model             

Base flow into the model via Horse 
Creek 17.6 17.6 17.6 28.9 28.9 28.9 

Base flow into the model via Bear 
Creek 3.7 3.7 3.7 3.3 3.3 3.3 
Stream flows exiting each segment     

Horse Creek:             

Upstream of B&L       
Segment 1 14.9 14.9 14.9 25.9 25.9 25.9 

Between B&L and HC#1       

Segment 2 13.8 13.8 13.8 5.0 5.0 5.0 
Segment 4 12.5 12.5 12.6 4.0 4.0 4.3 

Between HC#1 and Lowe #1        
Segment 5 7.6 12.2 7.8 3.7 3.7 4.2 
Segment 7 11.7 15.7 13.3 8.4 8.0 11.5 

Between Lowe #1 and HSRSD       
Segment 8 10.9 14.8 12.6 4.4 4.1 7.6 
Segment 17 11.9 15.4 16.4 1.9 1.3 6.9 
Segment 18 13.0 16.4 17.7 3.3 2.6 8.5 

Between HSRSD and H&B       
Segment 22 5.0 8.3 10.2 5.4 4.8 11.1 

Horse Creek out of model       

Segment 23 5.6 8.9 10.8 3.7 3.0 9.3 
Bear Creek:             

Upstream of Babbitt        
Segment 10 3.5 3.5 3.5 3.0 3.0 3.0 
Segment 12 4.2 4.2 5.4 3.6 3.6 5.3 

Between Babbitt & Lowe #2       

Segment 14 0.1 0.1 1.8 3.4 3.4 6.1 

Downstream of Lowe #2/Wye Cross       
Segment 15 0.0 0.0 1.4 0.0 0.0 0.0 
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Table 5.7.  Stream Flow Gains and Losses for Select Segments 

  Non-growing Season Growing Season 

  
Scenario 

1 
Scenario 

2 
Scenario 

3 
Scenario 

1 
Scenario 

2 
Scenario 

3 

  (cfs) (cfs) (cfs) (cfs) (cfs) (cfs) 

Horse Creek:             

Upstream of B&L     

Segment 1 -2.7 -2.7 -2.7 -3.0 -3.0 -3.0 

Between B&L and HC#1     
Segment 2 -1.1 -1.1 -1.1 -0.9 -0.9 -0.9 
Segment 4 -1.3 -1.3 -1.3 -1.1 -1.1 -0.7 

Between HC#1 and Lowe 
#1     

Segment 5 -0.3 -0.3 -0.2 -0.3 -0.3 -0.1 
Segment 7 4.0 3.5 5.5 4.7 4.3 7.3 

Between Lowe #1 and 
HSRSD     

Segment 8 -0.8 -0.9 -0.7 3.5 3.5 3.5 
Segment 17 1.0 0.6 2.3 1.4 1.2 3.2 
Segment 18 1.0 1.0 1.3 1.4 1.3 1.6 

Between HSRSD and H&B     
Segment 22 4.1 3.9 4.5 3.4 3.3 3.7 

Horse Creek out of model     
Segment 23 0.6 0.6 0.6 0.4 0.4 0.4 

Bear Creek:             

Upstream of Babbitt     
Segment 10 -0.3 -0.3 -0.3 -0.3 -0.3 -0.3 
Segment 12 -0.7 -0.8 0.4 -0.9 -0.9 0.8 

Between Babbitt & Lowe 
#2     

Segment 14 0.1 0.1 0.7 -0.2 -0.2 0.9 

Downstream of Lowe 
#2/Wye Cross #2     

Segment 15 -0.1 -0.1 -0.4 0.0 0.0 0.0 

 




