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INTRODUCTION

Western Kansas Groundwater Management District No. 1 (GMD1) was formally established in

1973 and was the first of five such local management districts in Kansas authorized under the
Groundwater Management District Act of 1972. Overlying portions of five counties in west-

centr al Kansas, GMD16s of fi ci alofgooundveatrsmlleitandt o pr o
disseminate research information, and work congruently for better water management.

GMD1 was one of the first areas developed for groundwater in Kansas with the first irrigation
well being drilled in 1907. As such, it has one of the largest densities of vested water rights,
those that precede the 1945 Kansas Water Appropriation Act, in the state. The Ogallala portion
of the High Plains aquifer (HPA) is the primary water source for virtually all water uses. Like
much of western Kansas, GMD1 has experienced declining water tables and reductions in
historically limited streamflows. Today, most of the district contains fewer than 40 ft of saturated
thickness. However, there are two areas where the thickness of the Ogallala is at or more than
100 ft. One area is in the southern portion of Wallace County, and the other is in a north-south
trending trough in Scott County.

Project Objective

The Kansas Water Office (KWO) and GMD1 contracted with the Kansas Geological Survey
(KGS) in January of 2013 to develop a numerical groundwater model for the GMD1 area. The
primary objective of the model is to better understand the hydrologic system and water table
changes occurring in the underlying HPA. The model will be used to simulate future water use
and management scenarios to estimate their effects on the HPA in this region.

The project period covered January 2013 through the summer of 2015. The calibrated transient
model was completed in July 2015. This final report was completed in August 2015.

Model Oversight

As part of the model development process, GMD1 formed a Model Advisory Committee (MAC)

to oversee the initial phases of the project. The MAC met approximately three times a year in

Scott City, and the meetings included conference calls and Internet-based PowerPoint
presentations viewed by all individuals invited to the meeting. Members of the MAC included

staff from the KWO, the Topeka/Manhattan headquarters and Garden City field office of the

Kansas Department of Agriculture, Division of Water Resources (KDA-DWR), GMD1 manager

and board members, and several individual members of the district representing irrigation and

municipal water supplyi nt er est s . During t $eeralmgedces liadkeydevel op
staffing changes, specifically the GMD1 manager and K WO & s  p pdintnd cogtact for the

project.

The KGS presented updates thr oughou-+asddimeetingsp del 6 s
G MD 1 éansual meetings, the Go v e r rb® Yeéar3Nater Vision meetings, and regular GMD1
board meetings. The KGS made the final model available for review to the KDA-DWR.
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DESCRIPTION OF STUDY AREA AND GENERAL MODEL SETUP

The study area includes the area of GMD1 in west-central Kansas and extends roughly six
miles beyond the extent of the district in all directions (fig. 1). The total area covered by the
model is a little over 6,438 square miles and includes a portion of eastern Colorado.
Groundwater-based irrigation is the primary use of water, although the HPA is also the source of
municipal water supplies for the county seats of Sharon Springs, Tribune, Leoti, Scott City, and
Dighton. The entire GMD1 boundary and the majority of the active area of the model lie within
the newly designated Upper Smoky Hill Regional Planning Area for the Kansas Water Authority
and Kansas Water Plan.

Previous Geohydrologic Studies

Several KGS bulletins report on the geology and groundwater resources of the model area.
McLaughlin (1943) for Hamilton and Kearny counties, Latta (1944) for Finney and Gray
counties, and Waite (1947) for Scott County all contain information concerning predevelopment
conditions, those before widespread groundwater development occurred. Later bulletins
provide additional early time period data and descriptions of the HPA in Prescott (1951) for Lane
County, Prescott et al. (1954) for Wichita and Greeley counties, and Hodson (1963) for Wallace
County. Finally, Krieger (1957) included parts of counties along Ladder Creek in northern
sections of the model area. All of these publications provided well records and lithologic logs
used to construct and calibrate the model.

The U.S. Geological Survey (USGS) report by Boettcher (1964) provides information about the
geology and groundwater resources of eastern Cheyenne and Kiowa counties in the Colorado
portion of the HPA in the model area. Other publications that cover regional aspects of the
geohydrology of the model area include Gutentag et al. (1984).

Although a past study by the USGS (Luckey et al., 1986) involved simulating groundwater flow
across the whole HPA in the United States, the cell size used was 10 mi on a side (100 mi?),
which is much too coarse to be of value for simulating future water use and management
scenarios on the GMD1 scale. No previous numerical modeling projects have been conducted
specifically over the GMD1 area.

Physiographic Setting

The vast majority of the active area of the model lies within the High Plains physiographic
region. Much of the High Plains region is characterized by flat to gently rolling, eastward sloping
uplands. Shallow depressions/playas are common features. Ladder and Whitewoman creeks
are the principal drainage paths, both containing relatively small but pronounced valleys.
Portions of southern Gove, northeast Finney, and northernmost Lane and southern Ness
counties in the model domain are in the Smoky Hills region where the HPA has been eroded
away, often exposing the underlying chalk formations, which provide abrupt and scenic valleys.

2
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Figure 1. Map of GMD1 model area in Kansas and Colorado. The red line indicates the district boundaries of GMD1.
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Model Design

This project used MODFLOW-NWT, modeling software developed by the USGS that is based
on a finite-difference approximation of the flow equation (Harbaugh et al., 2000; Niswonger et
al., 2011). MODFLOW is one of the most widely used groundwater flow models in the world. It
can be used to simulate the effects of many processes, such as areal recharge, stream-aquifer
interactions, drains, evapotranspiration, and pumping. MODFLOW-NWT is a special formulation
of MODFLOW that was developed to more accurately represent drying and rewetting of
unconfined aquifers, which is particularly suitable for the simulated conditions in GMD1.

Input files for the MODFLOW-NWT model were created with assistance from scripts written in
Matlab (http://www.mathworks.com/). The model was run by entering the executable file in a
Matlab command window. Model simulation results were processed by Matlab scripts and then
imported into Excel and GIS software to produce various graphs.

The model uses uniform and equally spaced square cells, 0.5 x 0.5 miles in size (0.25 mi?).
There are 116 rows and 222 columns resulting in 25,752 individual model grid cells (fig. 2). The
grid was designed to perfectly align with model cells used in the Modflow-based groundwater
flow model for GMD3 in southwest Kansas, developed by the KGS in 2010 (Liu et al., 2010).
The GMD1 model uses one convertible layer that allows both confined and unconfined
properties of the aquifer to be simulated, depending on water levels. The streamflow-routing
package (SFR in MODFLOW) was used to compute stream-aquifer interactions (Prudic et al.,
2004) by subdividing streams into a series of segments and reaches.

Time-varying specified-head boundaries are located along the edges of the model where the
HPA is present (fig. 2). The head values for these boundaries are determined by a spatial and
temporal interpolation of the water-level observations from nearby wells. Drain cells are
specified for the small tributary creeks, into which groundwater might discharge especially
during the early period (1940s to 1950s). Water in these creeks typically flows out of the active
model area. For the drain cells, water from the aquifer can discharge to the surface depending
on water-table elevations. If the water levels drop below the land surface, this connection is
broken and the drains become inactive (e.g., a spring becomes dry after the water table falls
below the spring bed). The lower boundary of the model is the top of the Permian and
Cretaceous bedrock (mainly shale) that has much lower permeability than the HPA and is
treated as a no-flow boundary. The upper boundary of the model is specified as the land
surface where water may enter or leave the aquifer through areal recharge, evapotranspiration,
and stream-aquifer interactions.
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Figure 2. Model boundaries, grid cells, active area, and special model cells.



The modeling work was divided into two major steps. First, a steady-state simulation was
generated for the predevelopment period before 1947. Data used for predevelopment
simulation were typically from 19441 1946, during which large-scale, intensive pumping activities
were not present over most of GMDL1 (in certain cases additional data representing the early
1950s were also used to fill in spatial data gaps). Second, a transient simulation was conducted
for the period between 1947 and 2014 to replicate the historic evolution of the groundwater
system and stream-aquifer interactions. The predevelopment step established the initial
conditions for the subsequent transient simulation.

The model takes advantage of detailed information from the KGS HyDRA program, in which
thousands of lithologic logs have been collected and their entries transcribed and categorized
into common groups. Based on the lithologic categorizations, three-dimensional grids of

hydraulic conductivity and specific yield were developed. | n each ti me step, t

vertically averaged hydraulic conductivity and specific yield values are dynamically assigned
depending on where water-table elevations occur within the three-dimensional grid. More than
2,700 lithologic logs were used in this process.

The model was calibrated to match predevelopment water-levels and long-term hydrographs of
selected wells, especially the water-level change over time. Low flow conditions in Ladder and
Whitewoman creeks (average flows between January and March, during which surface runoff
contributions are typically a small component of the total streamflow) were also used to assist in
the calibration process. The recharge-precipitation relationship, the delay characteristics
between water infiltrating below the land surface and reaching the water table, the lagged
release of water storage from dewatered sediments, hydraulic conductivity, and specific yield
are all treated as calibration parameters due to their relatively large uncertainties and high
impacts on model results.

Active and Inactive Areas

Most groundwat er model s of this type i ncl The ectud
groundwater flow calculations are only conducted within the active cells. In this study, the
extent of the HPA in and around GMD1l repre
where the HPA is not present, that are disconnected from the GMD1 area (such as the northern
extents of Logan and Gove counties), or that have a substantial area of bedrock outcroppings
such as occurs in northeast Prowers County, Colorado. The number of active cells in the model
is 17,177, giving a total active model area of 4,294 square miles, a little over 66% of the model
domain (fig. 2).
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REVIEW AND SETUP OF DATA PARAMETERS

Land Use/Land Cover

T h e USZyEldNational Land Cover Database shows that cropland is the primary land-cover

type over the model area and even more so within the active area of the model (fig. 3).

Grassland, the next most common cover classification, is most prevalent along Ladder and
Whitewomancr eeks and virtually the entire northern an
area.

Precipitation and Temperature Data

Monthly precipitation and temperature data were downloaded from the PRISM Climate Group at
Oregon State University (http://prism.oregonstate.edu) in April 2013. PRISM provides raster-
based grids (roughly 4 x 4 km) for the entire continental United States, and the data compare
very favorably with similar precipitation-based data processing undertaken in past KGS activities
(Wilson and Bohling, 2003; Wilson et al., 2008; and Liu et al., 2010).

The monthly PRISM grids for each year from 1944 to 2013 were processed to compute the

annual average, minimum, and maximum precipitation and temperature for each year along with

averages forthe Aisummer 6 peri od ()Aapd thel A wti o peBoel gQctebarbte r

March), The fisummer ¢ and Awintero peri-rdionseagonsesent t
respectively. The output for each of these processing steps was a new raster-based grid, which

was then overlain on the model area and the values assigned to each of the model cell centers.

The average annual precipitation over the model area from 1944 to 2013 is 18.52 inches with
the majority of that falling during the months of April to September (fig. 4). The highest
precipitation year was 1951 followed closely by 1993, with 26.21 and 25.69 inches, respectively,
and the lowest year of precipitation was 1956 during the drought of the 1950s with only 8.8
inches. The maximum average winter temperature fluctuates around 53 degrees F with the
lowest maximum temperatures occurring in 1993. These two climatic parameters are used to
estimate historic and future groundwater pumping, described in later sections of this report.

Spatial patterns in the normal precipitation (average precipitation over the period of the last full
three decades, 1981 to 2010) computed from the PRISM monthly data are similar to those at
the state-wide level (fig. 5). Typically, the area has a pronounced west-to-east gradient with
precipitation levels lower along the western and southwestern edges of the model area and
increasing eastward to their maximum levels, reflective of the pattern across the state.

7
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I:] Cropland - Developed Land
ID Pasture - Barren/Scrub/Other

- Grassland - Woodland/Tree Covered
- Water/Wetland

Figure 3. Land use/land cover classifications in the model area, 2011. The black line represents the active area of the model.
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Figure 5. Computed PRISM Normal Precipitation (average for 1981 to 2010) by model cell.
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Geology and Lithology

Geologic formations at or near the surface across the model area are sedimentary in nature and
typically range in age from Late Cretaceous to recent. The oldest of these exposed at the
surface is the Carlile Shale overlain by the Fort Hays Limestone Member of the Niobrara Chalk,
generally found in western portions of Ness County and southern Gove County. Moving
westward, the area becomes overlain by unconsolidated sediments primarily from the Ogallala
Formation of the HPA, belonging to the Neogene System, and undifferentiated Pleistocene
deposits, mainly loess and recent alluvial deposits (fig. 6). The Ogallala and undifferentiated
Pleistocene deposits, which consist of clay, silt, sand, and gravel, accumulated as an apron of
clastic (particulate) sediments that were eroded from the uplifting Rocky Mountains and carried
eastward by streams (Ludvigson et al., 2009). Eolian (wind deposited) sand dunes are not
common but can be found in southeast Scott and southwest Lane counties along with a small
area several miles north of Tribune. The northern and eastern boundaries of the active model
area coincide with Ogallala/late Cretaceous outcrops. The core areas of the model are
concentrated over the thicker portions of the unconsolidated sediments that overlie the bedrock

(fig. 7).

Aaquifer Characteristics

The HPA is the principal aquifer in the area and provides water for almost all uses within the
active area of the model. Although groundwater is found in the alluvial deposits of Ladder and
Whitewoman creeks, as a sole-source water supply these deposits are limited to relatively small
yields. The intent of this project is to simulate groundwater conditions in the unconsolidated
material and no distinction is made between the HPA and alluvial deposits.

Cretaceous-aged formations underlie the HPA but are not considered in this study. The
Niobrara Formation is a water-bearing formation but is not considered a principal source
because the water typically is found in fractured limestone or in dissolved solution openings and
thus can be highly variable in terms of availability. The Graneros Shale, Greenhorn Limestone,
and Carlile Shale are found below the Niobrara but are generally of very low permeability and
yield little water. The Dakota aquifer system is water bearing and underlies the entire model
area. However, given its depth and higher salinity, only 13 water-right wells have been
developed in the Dakota in recent years (3 in Lane, 8 in Scott, and 1 in Wichita) and account for
less than one percent of the total overall average use of their respective counties (Whittemore et
al.,, 2014). All water-level and water-right data known to be associated with Cretaceous strata
were removed before calculations and simulations were performed for the model.
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Figure 6. Surficial Geology.
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Figure 7. Thickness of unconsolidated sediments.
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Bedrock Surface.

Data for the bedrock surface were obtained by updating a previous bedrock study by
Macfarlane and Wilson (2006). In this study, lithologic logs were obtained from water well
completion records, county geologic bulletins, and geophysical logs stored at the KGS, along
with additional data from the USGS and the Henkle Drilling and Supply Company in Garden
City, Kansas. Additional logs were obtained from water well completion records submitted since
the completion of MacFarlane and Wilson (2006) and well records from other geologic bulletins.

The bedrock elevation well points were interpolated to form a continuous raster-based surface
(fig. 8). The model cells were overlain on the interpolated surface and the average bedrock
elevation within each model cell computed. In 21 model cells, the bedrock elevation was
manually adjusted to be at least 10 ft below the land surface. These cells were mostly found
along the fringes of the active area, outside of the GMD1 boundaries, where the mo d e 0.5xs
0.5 mile grid size was too coarse to adequately capture the local elevation changes interpolated
from sparse bedrock points.

The bedrock surface elevation follows the same general slope as the land surface, with highs

located along the western edge of the model and lower values to the east. Bedrock highs are

concentrated in Cheyenne County, Colorado, with the lowest bedrock elevations found along

the eastern edge of the moddhedepthto dadriock eangasrfrera i N Ne
near the land surface to more than 400 ft in southwestern Wallace County and southeast

Cheyenne County, Colorado. The average depth to bedrock across the model area is
approximately 147 ft below the land surface.

A three-dimensional version of the bedrock surface (fig. 9) facilitates visualization of the bedrock
topography. An area of particular surface undulation is described by Boettcher (1964) in
southwestern Wallace County and southeast Cheyenne County, Colorado, where a rolling
erosional drainage pattern was formed on the surface of the Pierre Shale before the Ogallala
Formation was deposited. The other topographical bedrock feature of prominence is the north-
south trending Scott County trough that is thought to have formed prior to the Tertiary
depositional events during a period of folding followed by a period of erosion in which all the
Upper Cretaceous sediments were removed (Waite, 1947).

14
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Smoky Hill River Valley

Eroded bedrock surface

Scott Countytrough

Bedrock highs

Figure 9. Three-dimensional view of the interpolated bedrock surface, looking northeast (see fig. 8 for color scale).
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Lithologic Classifications

The KGS has established methods to extract and categorize information from d r i |ldgewitls 6
the most recent process known as the Hydrostratigraphic Drilling Record Assessment (HyDRA).
Lithologic descriptions and interval depths have been transcribed and stored in Oracle, an
enterprise-level relational database management system, from which they are further
categorized into similar descriptive groupings. The HyDRA process is unique in comparison to
past lithologic categorization activities (Macfarlane et al., 2005; Macfarlane and Schneider,
2007; Liu et al.,, 2010) in that it applies an automated quality-control measure to filter out
potentially marginal well logs before interpolating the lithology category proportions from the
wells to a 3D grid. For this project, MODFLOW accesses the HyDRA processed grids to
compute t h e a g vertifaky radesaged hydraulic conductivity (K) and specific yield (SY)
values for each model cell, based on where the mo d e Iwater level for that particular time step
falls within the three-dimensional space.

The quality of l' ithol ogic dat a nporvary sudsamtiallytithr ou g h
terms of detail and usefulness in describing the subsurface. Figure 10 compares an example of

a high-quality well log to an example of a marginal one. A quick and automated process to filter

out marginal well logs was tested in Scott County, where more than 913 well logs were
manually reviewed and subjectively gradedGamaod cat
AfFadi rand APoor o based on the | evel of vertical det

The average interval thickness of each log was then compared against the subjective grading

categories. It was found that when averaging the overall thickness used to describe the

lithology intervals, selecting logs with an average thickness of 20 ft or less isolated the majority

of AExcell entd and fAGoodo | og dg. 11). cAlthough-this 20& and i
average thickness excluded some fiExcellentd | ogs
this filter can be readily applied to thousands of logs where manual grading is not practical.

Using this approach, a total of 2,216 of 2,757 well logs were selected fromt he model 6s act
area for further processing (fig. 12).

With the majority of marginal wells culled out of the GMD1 active area, the descriptions for each
lithology interval were assigned to 71 standardized lithology codes. The standardized
lithologies, in turn, were further categorized into groups representing the overall permeability
and specific yield of the aquifer (table 1) from which values for K and SY can be assigned. In
some cases, an individual lithology interval may have multiple lithology codes. In these cases,
the percentage contribution of each lithology is assigned according to rules based on the
number of lithologies in the interval and their order of appearance in the description.

Initially, the same five lithologic groupings as used in the GMD3 model (Liu et al., 2010) were
applied to this project. However discussions with irrigators suggested that the water bearing
units of the HPA in the western portions of GMD1 were exceptionally coarse with layers
composed almost solely of gravel deposits. This area of Wallace County specifically is known
to have groundwater supplies in deeper and thicker saturated intervals, with present-day
transmissivities that allow well yields on the order of thousands of gallons per minute.
Consequently, the permeability categories were expanded to seven to isolate lithologic
descriptions with only gravel intervals and combinations of gravels with sand (table 1).
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With the lithologic groupings in place, HyDRA segments each lithologic well location into 10-ft
intervals starting from the interpolated predevelopment water table (described in the next
section of this report) to bedrock. The proportion of each of the seven K lithology categories
occurring within each 10-ft interval was e st i mat ed based anThd dewen
category proportions in the 10-ft intervals were then interpolated into a three-dimensional grid
acr oss t &ativarawed,esd that each grid cell (2,640 x 2,640 x 10 ft) contains a set of
values representing the category proportions within that cell. A summary representation of this
information, the proportion-weighted average K category, is shown in fig. 13. A special program
was written to intersect MODFLOW-formatted water table and bedrock elevation grids with the
three-dimensional proportional grids and then write out the vertically averaged K and SY values
to MODFLOW-formatted grid files, based on the category proportions within the intersected grid
cells and the K and SY values assigned to each category.
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Figure 10. Example driller logs in GMD1 of (a) excellent quality and (b) poor quality.
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Figure 11. Distribution of the four lithologic grading classifications of drillersélogs in Scott
County in relation to a 20-ft average interval thickness. Lower and upper box limits are the 25"
and 75" percentiles, the heavy line in the box is the median, whiskers extend to the most
extreme points within 1.5 times the interquartile range (75th percentile minus 25th percentile)
beyond box limits, and more extreme points are plotted individually.
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fine gravel
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medium gravel
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medium to coarse
gravel
coarse gravel
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Figure 13. Proportion-weighted average K category in cross sections of the 3D grid. The dark blue colors indicate lower K classes
whereas light green to yellow represent higher K classes.
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Water Levels

Estimates of the predevelopment water table were compiled pr i mar i |y fr om
listing of county-based geologic bulletins. Most of the depth-to-water measurements in these
reports were made from the mid-1930s to 1952. Figure 14 shows that the geologic bulletin-
based wells are spatially distributed across the entire extent of GMD1. Water levels taken from
the Wallace County bulletin (Hodson, 1963) are typically from 1957 to 1960 with the majority of
the wells being located just to the north of the GMD1 boundary. A series of wells in south-east
Scott County were coded as being in the Niobrara only. Given that the listed source material
consisted of AiSands and Gravel 0 an odthertshr®unding
well measurements, it was assumed they were likely screened across the entire interval and
were kept in the data set.

Predevelopment isolines from a USGS map product (Becker, 1999) were clipped to represent
conditions in Kiowa County, Colorado, where no point-based records could be obtained. The
earliest available water-level measurements (1954 to 1959) f r o m t h e Natidhab B/ater
Information System (NWIS) were downloaded to represent conditions in Cheyenne County,
Colorado.

Given the lack of any predevelopment water-level measurements or estimates for Ness County,
static water levels from Water Well Completion Records (WWC5) were used. Since 1974,
Kansas drilling companies have been required by state law to submit a WWC5 form when a
water well is drilled, reconstructed, or plugged. The activity dates for the 16 WWC5 records
used run from 1979 to the early 1990s, with five occurring after 2000. The aquifer here is
relatively thin with little groundwater development, so water levels are assumed to be static.

The predevelopment water-table elevation data sources described above were interpolated
together to form a continuous 1,320 x 1,320-ft gridded surface. The model cells were overlain
on the gridded surface and the average predevelopment water-table elevation within each
model cell computed. In a few areas outside the GMD1 boundaries where the aquifer is
particularly thin (e.g., western Greeley County and southern Lane County), the predevelopment
water table was manually adjusted to be at least 5 ft above the bedrock surface.

Like the bedrock surface, the predevelopment water-table elevation follows the same general
slope as the land surface, trending from highs along the western edge of the model to lows in

the east. The overall predevelopment depth-to-wat er vari es across fighe

15). The stream valleys of Ladder and Whitewoman creeks typically have predevelopment
water levels within 50 ft of the land surface as does the southern extent of the north-south
trough in Scott County (near the aptly named town of Shallow Water, Kansas). The average
predevelopment depth-to-water across GMDL1 is estimated to be approximately 90 ft.
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Figure 14. Interpolated predevelopment water table.
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Figure 15. Interpolated predevelopment depth to water.
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The average predevelopment saturated thickness within the GMD1 boundary is 75 ft, with the
deeper bedrock areas in Wallace County, portions of Wichita County, and the Scott County
trough being notable areas of thicker saturations (fig. 16). Most of Lane County typically had
predevelopment saturated thicknesses around 53 ft. Higher bedrock elevations just outside the
GMD1 boundaries in southern Greeley, southeast Scott, and southern Lane counties keep the
saturated thickness relatively thin in those areas.

Water-level measurements after the predevelopment period vary greatly both in terms of the
number of wells measured and their spatial distribution (fig. 17). Depth-to-water measurements
for the Kansas portion of the model were obtained from the Water Information Storage and
Retrieval Database (WIZARD). The majority of these records from 1996 to present were
obtained as part of the annual Kansas Cooperative Water Level Program, operated by the KGS
and KDA-DWR. Colorado-based measurements were downloaded from the NWIS.
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Figure 16. Interpolated predevelopment saturated thickness.
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+ Wells with at least one measurement

-‘- Wells with long-term winter measurements
- Specified head boundaries

Figure 17. Distribution of water-level measurement wells.
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Water-level measurements with special status codes indicating the value may not reflect normal
conditions (e.g., the well was being pumped) we
measurements, those taken between December 1 and April 15, were averaged to represent a

single value for the year. Since the inception of the Kansas Cooperative Network, more than 80

percent of the measurements for a given well are taken in the month of January. The number of

wells and their spatial extent across the model area are relatively low between predevelopment

and the middle 1960s. From 1966 to 1984, more than 250 wells were measured over the winter

months, and roughly 180 wells were measured in the winter months from 1985 to present (fig.

18). At the time of this report, 2011 was the most recent year of water-level data from the NWIS

for wells in the Colorado portion of the model area.
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Figure 18. Number of wells in the model domai n with HAwintero (Decemb
measurements.

To compare with predevelopment conditions, all winter 2011 water levels were used to
interpolate the water table and, in turn, the saturated thickness (fig. 19). In 2011, the saturated
thickness across GMD1 averages just over 30 ft. The thickest saturated portions of the HPA in
the model are found in Wallace County, Kansas, and Cheyenne County, Colorado, and along
the Scott County trough, where the saturated thicknesses are near or more than 100 ft. The
eroded bedrock surface in Wallace County has a significant effect on the availability of
groundwater. A small area just south of Weskan, Kansas, has present-day thicknesses ranging
from 150 to 200 ft, but within a few miles of this area, increases in the bedrock elevation
combined with past water-level declines have resulted in saturated thickness at or close to zero.
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Figure 19. Interpolated 2011 saturated thickness.
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Boundary Conditions

The model uses time-varying specified head boundaries along the northwest, western, and
southern edges of the active area and where the HPA extends beyond the eastern edge of the
model in Ness County (fig. 17). Specified head boundary cells are important elements to
numerical models as they allow water to move in and out of the active area. Given that head
boundaries in the model are not located along natural or known hydrologic boundaries, setting
appropriate head values for them is challenging, especially in areas lacking data.

Starting with the interpolated predevelopment water levels, each time-varying head cell was
reviewed in relation to well measurements taken over the transient period. More than 600 wells
were measured sometime during the transient period. However, only 122 of them contain long
histories of consistent measurements taken in the winter months (fig. 17). In cases where these
wells are located in or near the head-boundary cells, the water-level trends shown in the
measurement histories were applied to the head-boundary cells, starting at predevelopment.

Measurements from wells without long-term, winter-based measurements were still used when
possible. Many of these wells had numerous measurements from 1966 to 1984. If these wells
fell within any head-boundary cells, then their water levels were transferred to the head-
boundary cells and linear regression equations were established with those water levels and the
predevelopment estimate to fill in the transient period of record. If the wells were located near
but not in the head-boundary cells, the water levels were still transferred to the head-boundary
cells but only after making slight subjective adjustments based on the predevelopment water-
level gradient. This process of filling in the holes with nearby data and using regression
equations to fill in the temporal gaps worked well where data records are present. The process
is very subjective in areas with little to no data, such as along the thinly saturated areas of the
HPA, namely along all of Kiowa and Prowers counties in Colorado, and Hamilton, Kearny, and
Ness counties in Kansas.

Stream Characteristics and Flow

Ladder Creek and Whitewoman Creek are the primary stream courses running through the
model area (fig. 20). Ladder Creek, which used to be called Beaver Creek, enters the model
area from Cheyenne County, Colorado, crosses the core oft he model 6 s and tumg
north in Scott County where it flows into Scott County Lake and then the Smoky Hill River.
Whitewoman Creek also enters the model area from Cheyenne County, crosses the bedrock
highs of Greeley County, into the thicker portions of the unconsolidated sediments of eastern
Greeley and western Wichita counties, over bedrock highs south of Leoti, and ending in the
Scott Basin, a large depression southeast of Scott City. Both streams have historically been
intermittent, although Prescott et. al., (1954) reported that springs in central Wichita County
once provided enough water for permanent flow in Ladder Creek. Today, both streams are
ephemeral with water typically only being found during and after heavy rainfall events.
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Figure 20. Model stream and drain cells and USGS stream gaging stations.
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Stream Channel Characteristics

This project uses the Stream package for MODFLOW, which requires all surface water courses

to be broken down into individual Ilohgegporgonofthe and r e
stream, which inturnisfur t her di vi ded i nt o efAdh eationhoéa strean h a t re
segment within individual model cells. The model uses four stream segments (Ladder Creek

above Scott County Lake, Scott County Lake itself, Ladder Creek downstream of the lake, and

Whitewoman Creek) with a total of 787 reaches. Figure 21 shows an example of the
segment/reach division.

Both Ladder and Whitewoman creeks have pronounced channels with defined bluffs and banks.
The stream segments were measured at various spots across the model area, and 15 ft was
used to represent their widths. Streambed elevations were obtained by determining where land
surface contours (10-ft intervals) from 7.5-minute USGS topographic maps crossed the stream
channel. Of the 309 model cells that comprise Ladder Creek, 175 of them (or roughly 57%) had
elevation contours crossing the channel. For Whitewoman Creek, 160 (or roughly 62%) of the
259 stream cells had crossing topographic contours. For stream cells without crossing
topographic contours, elevations were interpolated between cells with assigned elevations
based on the overall change in elevation and length of the particular stream segment.

Depending on how the streams meander over the model®& 0.5 x 0.5 mile grid, the streambed
elevations in relation to the bedrock elevations may not be properly represented in the model.
Reaches 2 and 4 of segment 2 in fig. 21 are both located in a model cell where the stream
segment is located directly adjacent to the valley wall. This particular model cell is considered a
Astreamod cel | celisadominatéddywupland togography. As such, the estimated
bedrock elevations for this cell are substantially above the streambed, causing computational
errors in the model. A total of 14 model stream cells had bedrock elevations estimated to be
above the streambed elevations. The bedrock elevations for these cells were lowered to 0.1 ft
below the streambed.

Figure 22 illustrates the streambed elevation in relation to the bedrock for the model stream

cell s. Within the moteltypiclly & adsdciated withrthecker, arebsaofd d er Crr
aquifer. Not until it reaches areas along the Scott/Logan county line does the streambed come

in close contact with the underlying bedrock. Whitewoman Creek crosses areas where the

underlying bedrock rises and falls, in particular the very thinly saturated areas of southern

Wichita County.

Gaged Streamflow

Mean monthly streamflow records were obtained from the USGS& NWIS for all gaging stations
in the model area. Ladder Creek was gaged about 20 miles north of Scott City from 1951 to
1979. Whitewoman Creek was gaged from 1965 to 1986 roughly seven miles west of Leoti and
then very briefly in 1979 four miles south of the town. Over the period of record for the gages,
streamflow averaged less than one cubic foot per second. The starting input streamflow where
Ladder and Whitewoman creeks enter the model along its western edge is zero. The gaged
data that are available are used as a measure of the a g u i tasefl@wscontribution occurring
during winter periods of the model (gaged flow in summer months is much more significantly
affected by surface runoff from precipitation events).
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Stream Drains

Much of the northern and east erimmmakedthyeaboundafy t he m
where the headwaters from numerous small tributaries have cut short, deep, and often rugged

canyons into the aquifer. The numerous springs in this area can largely be attributed to gravity-

based discharge from the HPA and in some cases the underlying Cretaceous formations.

Some of the larger springs in northern Scott County were actually developed for public use

during predevelopment times as the yields ranged from a few up to 400 gallons per minute

(Waite, 1947). Today most of the springs no longer receive discharge from the aquifer as

declining water tables have broken or limited hydrologic connections to these stream channels.

To simulate this interaction, MODFLOWO6s drain bou
implies, drain boundaries allow water to discharge from the aquifer when the water levels are at

or above the drain elevations. Unlike stream cells where flow can be into or out of the aquifer,

drains only allow flow in one direction, discharge out of the aquifer. If water tables decline

enough, the connection is broken and water will no longer discharge out of the system; this

condition occurred in the model during the 1960s when pumping began to intensify and the rate

of water-table decline accelerated. Drain model cells were established all along the northern

and eastern boundaries of the model 6s active area
ephemeral streams (fig. 20). Drains were also added in areas of Dry Lake in southeast Scott

and southwest Lane counties and along the Smoky Hill River (Wallace County), Chalk Creek

(Logan County), Wild Horse Creek (Prowers County), and the various stream forks of Walnut

Creek (Lane County).
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Figure 21. Selected area of the model showing stream segment and reach designations along
Ladder Creek near Scott County Lake.
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