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ABSTRACT

Jackson Hole, a rapidly developing region of northwest Wyoming, is experiencing
increased surface and ground-water related disputes. Currently, no basin-encompassing
model to assess ground-water resources of the shallow ground-water system has been
satisfactorily completed. The purpose of this study was to conceptualize and characterize
the Jackson Hole hydrologic system using a procedure advocated by Kolm (1993), the
ARC/INFO Geographic Information System (GIS) for data management and analysis, and
MODFLOW (McDonald and Harbaugh, 1988), a finite-difference numerical model. The
study area encompassed the Jackson Hole valley from J ackson Lake south to the Grand

Canyon of the Snake River, Teton County, Wyoming.

Published data, collected in disparate formats and scales, were integrated into an
ARC/INFO database that included geographic, geologic, and hydrologic data. Each data
set was analyzed in ARC/INFO to characterize surface and subsurface conditions and the
hydrologic system. A water table map was developed from well, river, natural lake,
spring, vegetation and topography information. The flow system, conceptualized as three
inter-connected systems, was estimated from the water table distribution, landforms,

surface water features, and/or geology (depositional patterns, faulting).
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Conceptual models were numerically tested by interfacing the ARC/INFO database
with MODFLOW. Mass balance estimates and a water table were predicted by
MODFLOW for the shallow hydrologic system. The MODFLOW model was calibrated

to estimates of recharge, discharge, baseflow, and the water table map.

A state-of-the-art database of the Jackson Hole hydrologic system was developed.
The hydrologic system was characterized to the full potential of the available data. A
basin-encompassing conceptual and numerical mbdel, which simulates the hydrologic
system in Jackson Hole, was satisfactorily completed. GIS technology was proven to be
a viable technique for suppérting the hydrologic investigation and the modeling process.
Since the numerical model was not designed for ground-water management purposes, the
development of a more complex, numerical model for management decisions, and

additional data gathering are recommended.
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CHAPTER 1

INTRODUCTION

The Jackson Hole valley, a rapidly developing region of northwest Wyoming, is
experiencing increased surface and ground-water related disputes. Addressing current and
projected hydrologic issues requires gathering, integrating and evaluating relevant data to
gain a fundamental knowledge of the basin’s hydrologic system.

Numerical modeling is a valuable management tool for simulating Jackson Hole’s
hydrologic system since complex and disparate data are integrated for conceptualization
and characterization of the system. Geographic Information System (GIS) technology,
specifically designed to allow investigators to integrate, visualize, interpret and convert
large amounts of disparate data, is equally useful in aiding modeling and basic hydrologic
assessment. The investigation of the Jackson Hole regional hydrologic system. was,
therefore, conducted using numerical modeling, GIS technology, and a standard procedure

for the conceptualization and characterization of hydrologic systems.

1.1  Purpose

Currently, no basin-encompassing numerical model, which simulates the
hydrologic system in Jackson Hole, has been satisfactorily completed. The purpose of
this study, therefore, was to conceptualize and characterize the Jackson Hole hydrologic

system using a procedure advocated by Kolm (1993), the ARC/INFO Geographic
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Information System (GIS) for data management and analysis, and MODFLOW
(McDonald and Harbaugh, 1988), a finite-difference numerical model. GIS technology,
used as a pre- and post-processor, was evaluated for its usefulness in the modeling
process. The study area encompassed the Jackson Hole valley from Jackson Lake south

to the Grand Canyon of the Snake River, Teton County, Wyoming (Figure 1.1).

1.2 Scope

Jackson Hole, Teton County, Wyoming is an approximately 500 square-mile
topographic and structural basin immediately south of Yellowstone National Park,
northwest Wyoming. The study area was selected for several reasons: 1) there were
repeated reports of water-related problems in the Teton and Yellowstone parks; 2)
extensive development has occurred in Jackson Hole basin; and 3) increased population
growth is projected for the Jackson Hole area in the future; and 4) despite numerous field
investigations, there is a general lack of hydrologic information pertaining to Jackson
Hole. A preliminary check revealed 1) many published geologic reports were available,
2) the southern half of the valley had numerous water wells, 3) approximately 100 years
of government-collected climate and river gage data were available, 4) the hydrologic
system appeared to be one complete regional system, and 5) a preliminary regional scale
hydrologic study of northwestern Wyoming (Cox, 1976) was available for comparison.

The scope of the study was, therefore, limited to the following: 1) published data

would be used supported by field observations, 2) the approach advocated by Kolm
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(1993) would be followed for conceptualization and characterization, 3) the supporting
GIS would be ARC/INFO Version 6.1.1 by Environmental Systems Research Institute
(ESRI), hereafter referred to as ARC/INFO, 4) the finite difference code, MODFLOW
(McDonald and Harbaugh, 1988), would be used for numerical modeling, and 5) the
numerical model, a simplified 2-dimensional, steady-state simulation of the hydrologic
system, would be designed to test the Kolm (1993) approach and the use of ARC/INFO
GIS technology. The numerical model would not be designed for use as a management
tool. However, the results of the modeling effort could be incorporated into the
development of a more complex, numerical model for management decisions, and for

developing data gathering strategies.

1.3  Research Procedure

Assessment of Jackson Hole’s complex hydrogeologic system was initiated by
constructing a workable database in ARC/INFO. Large amounts of data acquired in
disparate formats and scales were converted to digital format and processed in ARC/INFO
to form a GIS database of spatial data linked to attribute information. Because the
development of the ARC/INFO GIS database is fundamental to the study, GIS and
ARC/INFO procedures are discussed in detail in Chapter 2. Once constructed, the

ARC/INFO GIS database was used to aid conceptualization, characterization and the

numerical modeling process.
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Conceptualization and characterization are fundamental to assessing hydrologic
systems. Kolm (1993) outlined a systematic approach for conceptualizing and
characterizing complex hydrologic systems (Figure 1.2). The systematic process results
in the characterization of two components: 1) the hydrogeologic framework, and 2) the
flow or hydrologic system. Kolm (1993) characterizes natural systems by utilizing
surface phenomena to guide the more difficult process of subsurface characterization. The
procedure advocated by Kolm (1993) was adapted for this study because the majority of
data collected pertained to surface phenomena and very little was known of subsurface
hydrogeologic and hydrologic conditions.

As previously mentioned, primary data derived from published literature sources
were collected, and compiled as an attributed, graphical database in ARC/INFO. Primary
data sets included topographic, botanic, pedogenic, climatic, geologic, surface water, and
cultural information. The database was visually and numerically analyzed in ARC/INFO
to conceptualize and characterize Jackson Hole’s hydrogeologic and hydrologic systems.
These procedures and analyses are discussed in Chapter 3, Surface Characterization;
Chapter 4, Hydrogeologic Characterization; and Chapter 5, Hydrologic System
Characterization.

The characterized Jackson Hole regional aquifer system was then simplified and
numerically simulated using MODFLOW. Data essential to numerical modeling, derived
as part of hydrogeologic and hydrologic characterization, were distributed across the .

model area using various methods in ARC/INFO. Distributed parameters were converted
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from vector to raster format and exported to the numerical model using ARC/INFO’s grid
functionality. A calibration water table map was developed in ARC/INFO to incorporate
primary data (water well, river stage, spring, lake, vegetation, topography), interpreted,
and conceptual model information. Two dimensional simulations of ground-water flow
through the shallow alluvial aquifer were then conducted on an IBM RS 6000
workstation. R¢sults of MODFLOW simulations were visualized and assessed using an
iterative ARC/INFO-MQDFLOW procedure. The numerical model was calibrated to the

water table map, mass balance calculations, and conceptual models.
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CHAPTER 2
GIS BACKGROUND, DEVELOPMENT, AND LINKAGE TO THE

NUMERICAL MODEL

2.1  Geographic Information Systems Background

A common misconception is that Geographic Information Systems (GIS’s) are
databases linked to Computer-Aided Design (CAD) type software.. GIS’s do have CAD
features, such as the ability to capture, store, and display 2-D spatial data, and GIS’s do
efficiently link non-spatial database information, or attributes, to graphical entities.
However, GIS software also has the ability to perform spatial analyses, or to derive new
output by manipulating the original data set. Types of spatial analyses include line-of-
sight problems, combining thematic map layers to derive new maps, flow through a
network of lines, or identifying and mapping areas fulfilling specified criteria (ESRI f,
1992). Spatial operations are possible because GIS’s store information concerning spatial
relationships, known as topology. Topology makes it possible to conduct powerful spatial

analyses when combined with the efficient storage and rapid processing of the GIS.

2.2  Vector Versus Raster GIS
Most primary data compiled for Jackson Hole resides as paper maps with point,

line, and area features. These three map features form the basic topological concept of
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a GIS; however, GIS’s also store descriptive or quantitative information called "attributes”
(Burrough, 1989).

Points, lines and areas on maps are commonly represented as vector features, or
as a vector model, when converted to digital format. In vector models there are generally
points with XY-locations, lines with starting and end points (direction and magnitude),
and pointers that indicate how lines connect (Burrough, 1989).

GIS’s can also represent geographical features as a raster model; raster
representation consists of grids or arrays of values that are spatially registered (Burrough,
1989). The resolution of the grid affects the visual display of the feature - finer grids
produce more visually complete representations.

The Jackson Hole database was represented by both vector and raster models.
Data analyses necessary to estimate surface and subsurface hydrologic conditions varied
according to the data format. Data used in the numerical model, however, were exported
strictly in raster format since finite-difference models represent geographical features as

an array of values.

2.3  Available GIS Software

The diverse application of GIS by academia, governments, and industry since the
1980°s (ESRI, 1991) has resulted in a variety of public and commercial GIS products.
GIS products are available for both personal computer (DOS-based IDRISI, Spans) and

workstation (Unix-based ARC/INFO, Intergraph, Lynx) environments. Public domain
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GIS’s, such as GRASS developed by the US Army Corps of Engineers, is a raster-based
GIS. More recently, GIS’s have been converted to utility-type programs that operate
under CAD’s such as ESRI’'s ARCCAD for AutoCAD (Autodesk), and Intergraph for
Windows NT.

GIS’s are structured to facilitate 2-, 2.5-, or 3-dimensional data. GIS’s most
commonly deal with 2- or 2.5-dimensions, but true 3-dimensional GIS’s, such as Lynx
developed for the mining industry, are also available.

GIS’s also differ in product philosophy. Some companies offer a basic GIS
package that can be customized to suit individual user needs. This approach, while
versatile and potentially more powerful, generally requires a significant learning curve and
is initially less "user friendly". Alternatively, GIS’s which do not provide customizing
options are generally user friendly, but can have a limited range of application.

The cost of commercial GIS products generally varies significantly. For instance,
PC-based GIS’s can be purchased for a few hundred dollars, while workstation-based
GIS’s can cost tens of thousands of dollars. In addition, computer hardware requirements
and costs vary with the each type of GIS. GIS selection should strike a balance between
problem suitability and available resources (money, personnel, computer hardware and

time).
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2.3.1 GIS Selection

Pre-study assessments revealed that the GIS to be used and tested in the Jackson
Hole study would need to support 1) complex data sets since the study area was
approximately 500 square miles and the resolution of data was often fine, 2) CAD/vector
data since most published data existed as paper maps and would be converted to digital
format by digitizing in a CAD system, 3) vector-to-raster conversion since the finite-
difference model to be run required raster format for most inputs, and 4) adequate visual
display of data sets to aid in conceptualization of the hydrologic and hydrogeologic
system. The last requirement was that the GIS be widely used so computer results from
the study could be used by other investigators.

A Unix/XWindows-based GIS product, ARC/INFO v.6.1.1 developed by
Environmental Systems Research Institute (ESRI), was selected for the research project
because 1) ARC/INFO efficiently accommodates large, complex data sets, 2) ARC/INFO
supports vector and raster data structures and provides translators between the two
models, 3) ARC/INFO’s graphics allow excellent visualization, and 4) ARC/INFO is

considered one of the defacto standards in industry and government.

2.3.2 ARC/INFO Description
ARC/INFO v.6.1.1 is comprised of 5 primary packages, each providing different
functions. ARCEDIT, ARC/INFO’s "CAD-type" program, is used for digitizing, editing,

and attributing coverages (ESRIc, 1992). INFO is the database management system
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which stores and allows manipulation of attribute data. GRID is a raster-based program
which provides tools for both simple and complex grid-cell analyses (ESRId, 1992).
ARCPLOT provides the cartographic tools for map design, display and production
(ESRIe, 1992). ARC is the unifying program which translates data between ARCEDIT,
INFO, GRID and ARCPLOT. In addition to program linkage, ARC performs functions
such as 1) data import and export, 2) vector spatial analysis, 3) georeferencing of data,
4) raster - vector conversions, and 5) building of topology.

As mentioned, ARC/INFO stores digital geographic features as either vector or
raster models. Vector models, called coverages, store primary features (points, lines/arcs,
polygons) and secondary features (reference tics, map boundaries, annotation). Raster
models, called grids, store location and cell-value information. Corresponding attribute

information for either model is stored in the INFO database as tables (ESRIf, 1992).

2.4  Database Development
The lengthy process of database development included acquiring data from various
sources, converting the data to digital format, moving the data into ARC/INFO, and

making final edits to the database when necessary.

2.4.1 Data Sources

The published data compiled in ARC/INFO were mostly acquired from federal,

state, or county governments. For example, maps and reports regarding topography,
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geology and hydrology were obtained from the U.S. Geological Survey. Climate data
were obtained from National Oceanic and Atmospheric Administration (NOAA) and
National Weather Service (NWS) records. The State of Wyoming allowed access and
reproduction of legal documentation pertaining to well permits and drilling. The
Wyoming State Highway Department provided drilling information associated with bridge
construction in Jackson Hole. The Town of Jackson waste water treatment plant
reproduced water level records for 4 monitor wells. In addition, water level data from
a ground-water study on the west bank of the Snake River was provided by a private
firm, Nelson Engineering. An effort to attain proprietary geophysical data proved

unsuccessful.

2.4.2 Data Acquisition

Eight 7.5 minute, 1:24000 scale Digital Elevation Models (DEM) were purchased
from the USGS Rocky Mountain Mapping Center for topographic information. DEM
represents topography using a grid of elevation values (meters above mean sea level)
spaced every 30 meters. The Jackson Quadrangle was not available, so index contours
were hand digitized from the 1:24000 scale topographic map, and were subsequently
interpolated to provide equivalent grid elevation values.

The lack of complete DEM coverage caused considerable problems.

Edge-matching of hand digitized topography contours to the DEM grids was difficult
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possibly because the published topography maps had considerable error along the edges.
Edge-matching functions provided by ARC/INFO rendered marginal results.

Hydrography information, such as the distribution of rivers, lakes, and springs, was
digitized from 1:24000 scale USGS topographic maps. River gage locations were attained
from published river gage reports for the Snake River (Columbia River) basin.

Geologic and hydrogeologic information was compiled from two hydrologic
investigations, Cox ( 1976) and Lines and Glass (1975), at 1:250,000 scale. Geologic
units, grouped by the authors to reprcs,ent. hydrostratigraphic units, and major regional
structures were digitized from these maps.

Several geologic cross-sections interpreting shallow subsurface conditions were
acquired. These interpretations included 1) three sections from Gilbert (1983) at 1:7200
scale, 2) two sections by Love and Albee (1972) at 1:24,000 scale, 3) a cross section by
Cox (1976) at 1:65,000 scale, and 4) a cross section by Love (1987) at 1:1,000,000.

Soil Survey maps for Teton County were acquired from the U.S. Departmcnt of
Agriculture Soil Conservatioﬁ Service at 1:24000 scale. Soil units were grouped according
to infiltration characteristics described in the report. These "hydro-groupings" were
converted to digital format using a Tektronix raster-to-vector scanner.

A 1:150,000 vegetation map for the northern two-thirds of Jackson Hole was
acquired from the U.S. Bureau of Reclamation and National Park Service in an
environmental impact study (Jackson Lake Safety of Dams Project). Vegetation was

mapped into 4 broad categories (i.e. lodgepole pine/Douglas fir, sagebrush and grassland,
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floodplain forest and willow, subalpine and alpine). To complete vegetation coverage in
the south end of the study area, vegetation units were mapped on orthophoto quadrangles
at 1:24000 scale. Criteria used for mapping vegetation units on the published estimated
and duplicated as closely possible to complete mapping on the orthophoto quadrangles.

Hydrologic system information was obtained from Cox’s (1976) potentiometric
surface and saturated thickness maps at 1:250,000 scale. Baseflow measurements and
analyses by Cox (1976) were also used for comparison.

Evaporation data was digitized from NOAA and NWS atlases at a scale of
1:4,800,000. In particular, maps showing average shallow lake or free water surface
evaporation for the year and for May through October were obtained.

Bouger anomaly and aeromagnetic geophysical maps at 1:250,000 scale (Behrendt,
1968) were assessed. These maps contained no usable information regarding the
geometry of the shallow alluvial aquifer, and therefore, were not incorporated into the
database.

Well permits, from the early 1900°s to 1990, were obtained from the Wyoming
State Engineer office in Cheyenne, Wyoming. Information derived from the well permits
included: 1) location of the well as a township, range, section, quarter/quarter coordinate,
2) water level as depth below ground surface, 3) total depth of well, 4) water bearing
zones, 5) completion date, and 6) allowable pumping rate. Well collar elevations are not
reported in Wyoming, thus this essential data was approximated using ARC/INFO

methods discussed in Chapter 5.
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Approximately 115 water well drill logs were also obtained from the Wyoming
State Engineer office. Drill logs were screened for clarity of description, depth of bore
hole, and bedrock hits prior to selection. In general, drill log information was poor and
lithology descriptions did not conform to accepted geological/geotechnical classifications.

Precipitation data from three NWS/NOAA climate stations (Jackson, Moose, and
Moran, Wyoming) were collected from climatological reports. In particular, annual
precipitation totals and departure from normal data were compiled for the available record
(1914 -1990). Monthly totals were collected for all three stations for the period 1950 -
1970. |

Surface water discharge records from 1917 to 1992, published in USGS Water-
Supply Papers, were collected for four permanent stations and numerous miscellaneous
stations located on various Jackson Hole drainages. Measurements are reported as
monthly mean discharge from 1917 to 1918 and 1945 to 1960. Measurements are

reported as monthly total discharge from 1961 to 1992.

2.4.3 Data Conversion to Digital Format

An IBM RISC-6000 System, Model 730 workstation was the computer platform
supporting ARC/INFO and MODFLOW for this study. The operating system was
Unix/AIX Version 3 and Xwindows. All digital data were converted to compatible

formats and transferred through various methods to this environment.
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Data were georeferenced to the Universal Transverse Mercator grid (1000 meter
tic spacing) for zone 12. Data units were in meters.

Digital topography (DEM) data, stored on a 9 track magnetic tape, was input on
a VAX 4500 mainframe with a 9 track tape drive. The data was transferred to the RISC-
6000 workstation using standard file transfer protocol (ftp) through the local network.

Paper maps were digitized using Autodesk’s AutoCAD Version 11. AutoCAD11
was supported by a Dtk Feat 3330, 33 Mhz, DOS 486 PC with 8 Mb RAM. The .
digitizing pad was an IBM 5084 with 2 feet by 3 feet of active area and a 16 button puck.
AutoCADL11 files were output in American Standard Code for Information Interchange
(ASCII) DXF format and transferred to the RISC-6000 workstation using ftp. Maps
converted in this manner included geology, hydrology, hydrography, topography for
Jackson Quadrangle, vegetation, evapotranspiration, precipitation, township and range
boundaries, and gage locations (stream and climate).

- Well permits, stored on a computer database at the Wyoming State Engineers
office, were not available to the pubiic in digital format, thus the information had to be
re-entered from computer printouts to a spreadsheet, Excel 4.0, on a Macintosh Ilci PC.
Approximately 1,430 well permits were obtained, but many had no static water levels,
unknown water levels, or unknown locations. They were not entered into the database.

Drill logs, climate data, and river gagé data were also compiled using Excel 4.0.
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Soils maps were converted to digital format by scanning on a raster-to-vector
Tektronix scanner. The data files were output in IGES format and converted to

ARCY/INFO export files.

2.5  GIS Construction

Construction of the Jackson Hole GIS database required further processing of
digital data in ARC/INFO. Processing involved coverage registration, error identification
and correction, topology construction, and data attribution.

To develop the GIS database, ASCII data sets were first imported into ARC/INFO
as coverages. Points representing UTM coordinates were converted to "tics" to register
the coverage; projection was not necessary since data sets were originally digitized in
UTM space. Coverages were then checked for 1) data completeness and/or erroneous
extra data, 2) data accuracy (position and shape), 3) connectivity (polygons are closed,
lines intersect properly), and 4) labeling (1 label poiﬁt per polygon). Coverages generally‘
required many iterations of "cleaning and building" before they were suitable for further
analyses.

Compiled IGES data sets (from scanned soils maps) were converted to ARC/INFO
export files before being imported into the GIS. ARC/INFO coverages created from
scanned data required much more editing of erroneous data than was required for
coverages created from hand digitizing data. Scanning artifacts were common because

a fine-resolution raster image was converted to vector format. Registration of coverages
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created from scanned output involved 1) adding tics to represent the state plane coordinate
system used to reference the soil surveys, and 2) projecting the state-plane coordinate
system to UTM using ARC/INFO.

Once coverages were registered and free of errors, topology was constructed.
Topology construction in ARC/INFO implies that 1) connectivity (arcs/lines connected at
nodes), 2) area definition (lines that connect and surround an area define a polygon), and
3) contiguity (lines have direction and left and right sides) are internally defined (ESRI
f, 1992). In addition, basic tables containing information necessary to link graphical
entities to descriptive data, or attributes, were automatically created. The INFO tables
always contained two numbers - a unique record number for each graphical feature (label,
arc, polygon) used by the software, and a feature number that is assigned by the user.
The feature number only has significance to the user and can be non-unique. Finally, the
basic tables created during topology construction were modified to contain desired
attribute information. Attribution was important since descriptive information was later
used to view, select, analyze, and display features contained within the data set (ESRI f,

1992).

2.6  Data Inspection
After the GIS database was constructed, primary data sets were inspected for
errors not related to the input process. The most obvious problem was inconsistent data -

coverage. Vegetation data, as mentioned, required additional work to complete coverage
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of the study area. Vegetation boundaries on the original map, published at 1:150,000,
appear very smooth relative to the photo mapping completed by hand digitizing on
1:24,000 scale orthophoto quadrangles. Interpreting cultivated areas was problematic
since this category did not exist on the original map. Thus, cultivated areas were
classified similar to surrounding native vegetation, assuming the native vegetation was
continuous across these areas prior to agricultural development. Fortunately, cultivated
areas were not aerially extensive.

Topographic (DEM) data also had several inherent problems, in addition to lack
of coverage. DEM data, rendered in ARC/INFO using shaded hill relief imaging,
revealed striping, edgematching errors, and elevation drops across some quadrangles. For
example, one quadrangle was approximately 3.1 meter lower overall than adjacent
quadrangles. Because DEM resolution was much finer (30 meter spacing) than the
eventual numerical model resolution, no attempts were made to correct inherent DEM

CITOTS.

2.7  GIS - Numerical Model Linkage
Linking the GIS database to the numerical model required additional data
manipulation. Data manipulation involved vector-to-raster conversions, data export, and

formatting of raster data to acceptable numerical model input.
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2,71 Data Conversion - Vector to Raster Format

The finite-difference model, MODFLOW, required most parameters to be
represented in raster format. All primary data sets were represented as vector coverages
in ARC/INFO, except DEM topographic data. It was, therefore, necessary to convert
vector coverages to raster format prior to exporting them to MODFLOW. ARC/INFO
Version 6.1.1 provided vector-to-raster translators for point, arc and polygon coverages.
Conceptually, the translators were analogous to laying a cookie cutter-over a map and
slicing it into squares. The value assigned 'to each square/cell generally represented the
major feature in the cell (i.e. value of the polygon with the most area). ARC/INFO
allowed an attribute value contained in the coverage to be rasterized and assigned to the
grid cells.

The vector-to-raster translators performed adequately for polygon coverages since
polygons represent a continuous area and/or surface. Problems arose with point-to-raster
and line-to-raster conversions because the features are discontinuous. When there are no
points or lines, or more than oﬁe point or line in a cell, the translators have no algorithms
to interpolate between these features. To solve this problem, an inverse-distance
weighting function, available in ARC/INFO GRID, was used to convert a point coverage
to a grid, and to populate cells with no features by interpolating from points that were
located within a user-specified search radius. Line coverages were converted to point
coverages using the ARC/INFO function (DENSIFYARC), which placed vertices along

lines at a user-specified interval, followed by the function ARCPOINT, which converts
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arc vertices to a point coverage. With the point coverage created, the inverse distance

weighting function could then be applied.

2.7.2 ARC/INFO Interface with MODFLOW

ARC/INFO easily exported grid data to ASCII array output using the GRIDASCII
function. The resulting ASCII files contained a header and a grid of values in wrapped
line format. The header was stripped using a standard text editor. Next, a utility code,
f_array (Appendix A), was used to convert the ASCII array to a user-specified line and
number format, making the array much easier to inspect. At this point, the data were in

acceptable MODFLOW format and were used to conduct numerical model simulations.

2.7.3 Visualization of MODFLOW Results

Converting MODFLOW results to graphical display was accomplished through
utility codes and ARC/INFO. First, the MODFLOW option which allows heads and
drawdowns to be output as binary files was specified. Second, a utility code, MOD2ARC
(Appendix A), was used to convert the MODFLOW binary output to ASCII array format.
Any dry cells, reported as the value 1 x 10° by MODFLOW, were changed using a
standard text editor to the "no data" value of the ARC/INFO grid (i.e. -9999). A header
required by ARC/INFO was added, and the resulting files were imported to ARC/INFO

as ASCII grids.
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Once in ARC/INFO, the grids were visualized several ways. Grids could be
contoured ﬁsing the ARC/INFO linear interpolation function, or grids could be displayed
in raster format using colors to represent the cell value by applying the ARC/INFO
function, GRIDSHADES. Grids were also "sliced" whereby contour intervals were
represented by colored areas, rather than by contour lines. Dry cell locations were
imported as point files and posted on the contour or raster image to identify problem
are;as in the model.

A third utility code was developed to import non-array information from
MODFLOW to ARC/INFO (Appendix A). The code, RIV2ARC, converted the location
of MODFLOW river cells to an array which could be imported to ARC/INFO for
visualization. This utility code was quite useful since river information would otherwise

have to be manually input into an ARC/Info grid.

2.7.4 Inspection of MODFLOW Output

ARC/INFO Macro Languagc (AML) was used to construct an automated, efficient
method for checking results from model simulations. The AML, MODCHECK
(Appendix A), was designed to calculate, report, and display two types of error. The first
error occurred when simulated heads were above topography. The second error occurred

when simulated heads deviated from the calibration potentiometric surface.
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2.8 Other ARC/INFO Pre- and Post- MODFLOW Procedures

Several other ARC/INFO procedures were developed and found to be quite useful
during pre- and post-MODFLOW processing. One procedure was developed to perform
on-screen/visual editing of MODFLOW arrays. This was significant because editing of
numerical model arrays is typically performed repeatedly throughout modeling and is
generally cumbersome. The on-screen-editing procedure first required MODFLOW arrays
to be imported to ARC/INFO (Section 2.7.3) and checked for numerical format since the
following steps required numbers to be integer format. If grids contained floating-point
values, they were manipulated so they could be converted to integer format without losing
numerical accuracy. For example, a grid value of 0.01 would be converted to an integer
value of "0" in ARC/INFO. To correct this, the grid value would be multiplied by 100
and then converted to an integer. The 100x factor was carried through the editing process
and divided-out prior to grid exportation. The factored floating-point grids were
converted to integer grids using the GRID command INT. The integer grids could then
be converted to polygon coverages (GRIDPOLY). The polygon coverage was merged
(APPEND) with a FISHNET which represented the model grid. The coverage was
displayed in ARCEDIT and individual cells were visually edited. The edited polygon
coverage was then converted back to a grid (POLYGONGRID), the factor was divided-
out, and the grid was exported to ASCII (GRIDASCII).

In a similar manner, a second process was used to visually check MODFLOW

input in terms of model area coverage. To accomplish this, the MODFLOW IBOUND
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array was imported to ARC/INFO and converted to a polygon coverage. The outline of
the model area polygon could then be displayed in the background of other coverages to

check coverage completeness prior to raster conversion and exportation to MODFLOW.
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CHAPTER 3

SURFACE CHARACTERIZATION

3.1 Overview

The approach to systematic evaluation of hydrologic regimes advocated by Kolm
(1993) guided the conceptualization and surface characterization of Jackson Hole’s
hydrogeologic system. Conceptualization and characterization were accomplished in the
field and on the computer using visualization and analytical techniques available through
ARC/INFO. Information pertaining to terrain, surface water systems, climate, vegetation,
and soils were analyzed. In general, the study area was viewed as two distinct, 'yct
interrelated environmental systems, the surrounding mountain blocks and the interior
valley. Point-source data were assessed and used to quantify hydrologic parameters when
possible. Data regarding the effects of agriculture and urban development on the
hydrologic system were limited, but these factors were considered to exert only a minimal

impact over the hydrologic system.

3.2  Site Description and Physiography

Jackson Hole is a north-south trending topographic and structural basin whose
modern landscape has been sculpted by uplift, folding, faulting, volcanism, glacial and
fluvial erosion, and mass wasting. Structurally-complex, Jackson Hole is near the

juncture of five tectonic provinces (Figure 3.1). Specifically, Jackson Hole is 1) northeast
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Figure 3.1 Jackson Hole area and physiographic provinces of northwestern Wyoming.
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of the Basin and Range province, 2) east of the Snake River Plain and volcanic province,
3) south of the Quaternary Yellowstone volcanic plateau, 4) on the northern margin of the
Idaho-Wyoming Overthrust belt (Smith et al., 1990), and 5) west of the Central Rocky
Mountain province.

The study area encompasses the valley bottom and side slopes of adjacent
mountain ranges to the south, east and west. Jackson Lake and the Snake River below
Jackson Lake dam to Pacific Creek, form the northern boundary of the study area. The
southern boundary is located south of AJackison, Wyoming where the Snake River enters

a bedrock canyon (Figure 3.2).

3.3 Topography and Landforms

Topographically, the study area consists of many landforms including mountains,
small hills, flat-bottomed valleys, terraces, moraines, and kettles. Approximately 2,134
meters of vertical relief occurs across the study area. Topography varies from gently
sloping floodplains and terraces between 1,829 and 2,134 meters elevation to rugged
mountains reaching 4,197 meters (Figure 3.3).

The topography of the mountain blocks is moderately to finely dissected (Figure
3.4). Typical of alpine systems, this usually indicates the mountains are comprised of
numerous, high-gradient local aquifer/flow systems. In comparison, topography of the
valley bottom is coarsely dissected and continuous. This indicates that aquifer/flow

systems may be relatively continuous on a regional scale, and that ground water in the
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shallow valley fill may form a single, low gradient system if the potentiometric surface
follows topography. The highest ground-water gradients of the system may occur in areas
of topographic relief, or along the basin margins, or locally around some of the major
rivers.

Terrain elevation, slope, and aspect are an important consideration for targeting
potential recharge zones. It was assumed that precipitation increases with elevation to a
maximum at approximately tree-line, and that common alpine conditions existed on
mountain blocks, or that snowpack/precipitation is greater on north-northeast facing, steep
slopes. On a basin scale, precipitation is considered greatest to the west along the Teton
peaks due to high elevations, moderate to extreme slopes, and the north-northeast facing
aspect.

Similar slope and aspect-to-precipitation relationships occur across the valley
bottom. Inner-basin, topographic highs, such as Signal Mountain, Blacktail Butte, or
Timbered Island, support conifer forest which indicates the basin highs receive greater
precipitation than the surrounding basin floor. In addition, conifers were noted growing
in wind-protected topographic lows, such as the kettles, where snowpack may accumulate
to greater depths and is possibly preserved longer than on exposed outwash plains and

terraces.
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3.4  Surface Water System

Surface water systems can be sensitive indicators of ground-water movement when
the two systems are hydraulically connected. The Jackson Hole surface water system,
comprised of perennial and intermittent rivers, lakes, and springs, is hypothesized to be
connected to the shallow alluvial aquifer of interest. Thus, the surface water system was
analyzed to gain information regarding ground-water movement, subsurface structure,
relative hydraulic properties of surface materials, baseflow, and to identify possible
recharge and discharge areas.

Surface water distribution in the study area tended to be a function of regional and
local structure, base level, slope and aspect, surface material types, vegetation, and
precipitation. The Snake River and Jackson Lake, the two largest surface water features,
constitute the main features that control surface water distribution in Jackson Hole (Figure
3.5). Drainages often change direction as they flow across the bedrock-valley fill
transition indicating not only change in surface materials and slope, but possibly the
influence of subsurface structures (fbr example, the Teton fault).

The Snake River originates north of the study area above Jackson Lake and is
regulated by water releases from Jackson Lake reservoir (Figure 3.5). The Snake River
and numerous perennial tributaries generally flow from north to south through the study
area. Many intermittent drainages also flow through the basin, although many of them
lose their channel before reaching the Snake. These intermittent drainages may indicate

areas of ground-water recharge when flowing.
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The Gros Ventre River, the major tributary in the study area, flows southwest from
approximately Lower Slide Lake and joins the Snake River along the northwest side of
West Gros Ventre Butte. Smaller perennial tributaries to the Snake River include Fish
and Cottonwood Creeks on the west side of the Jackson Hole and Ditch, Flat and Cache

Creeks on the east side (Figure 3.5).

3.4.1 Drainage Density and Patterns

The mountains surrounding Jackson Hole are characterized by moderate- to-fine
density and dendritic-to-rectangular drainage patterns. On a regional scale, drainage
distribution reflects an east-west-trending fabric in the northern half of the valley, and a
northwest-to-southeast trend in the southern half of the valley (Figure 3.2). Drainage
density and patterns probably result from large precipitation falling on steep slopes of
relatively impermeable bedrock, and from the fractured nature of the bedrock.

Visual inspection of drainage patterns in the valley bottom of Jackson Hole -
revealed that drainages range from coarse-to-medium density in the northern half of the
valley, to fine density in the southern part of the study area (Figure 3.5). Drainage
patterns vary between linear and dendritic. River channels exhibit meandering and
braided patterns and may indicate changes in surface materials and topographic gradient.
Streams flowing from adjacent mountain ranges often fail to reach the Snake River in the
northern half of the valley where alluvial fill is hypothesized to be deep and to have high .

infiltration rates. In the southern half of the valley, drainage density is observed to be
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fine where 1) the geometry of the alluvial basin decreases (valley converges to a narrow
canyon), 2) the depth of valley fill probably decreases, and 3) ground water probably
discharges.

Anomalous drainage patterns characterize the regional drainage system of the
Jackson Hole study area. For example, the Snake River makes an approximate 90° bend
near the confluence of Buffalo Fork, and flows southwest toward the Teton Range rather
than along the axis of the valley. Tributaries headwatering in the northern Tetons flow
east through the mountains, then bend sharply southward as they encounter the valley
‘alluvium. These tributaries cross-cut valley fill depositional patterns and parallel the
Snake River for many miles before joining the Snake. In contrast, streams on the
northeast side of the valley, including the Gros Ventre River, flow southwest directly into
the Snake River. Flat Creek, the exception, originally flowed into the Gros Ventre River
and is now diverted south by a recent fault scarp Love (1977). In the southemn half of
the study area below the town of Jackson, the scenario is reversed with west-side streams
flowing directly into the Snake and east-side streams paralleling before joining the Snake.
Love (1956) attributes anomalous patterns to westward tilting of the valley floor in the
northern part of the valley and possible southeast tilting of the southern half of the valley.
Pierce (personal commun., 1994) suggests Jackson Hole drainage patterns result primarily
from Quaternary glaciation and associated deposits.

The Snake River throughout Jackson Hole is predominantly braided, although

several reaches exhibit a meander pattern. It is hypothesized that the dominant braided



ER-4348 37

pattern of the Snake River indicates it a bedload stream that has large sediment loads,
gradients, and/or discharge. The prominent interspersed meanders, such as Qxbow Bend
and Deadman’s Bar, are hypothesized to result from 1) structure, 2) areas of finer-grained
deposits, or 3) buried topography. For example, Pierce and Good (1992) suggest the
meander at Oxbow Bend results from back tilting of bedrock. The meandering reaches
at Spread Creek fan and Deadman’s bar are hypothesized to result from 1) fan material
being deposited in the course of the Snake River, and 2) a breach in an outlet of an
ancient glacial lake, respectively (Pierce and.Good,1992). An alternative scenario for the
meander at Deadmans Bar may be that a buried, bedrock high locally reduces the gradient
of the Snake River. The southern-most exposure of Huckleberry Ridge volcanics
fortuitously outcrops on the south side of this meander and coincides with the projected
alignment of the Burned Ridge morainal landform. Another observed transition in the
Snake River from braided to meandering occurs at Blacktail Butte and the projection of
a cross-valley lineament.

In summary, analyses of' drainage density and patterns revealed the following; 1)
an increase in drainage density from north to south in Jackson Hole may indicate the
shallow alluvial Systém recharges in the north and discharges in the south, and/or that
surficial materials become finer-grained towards the south; 2) anomalous flow directions
may indicate that subsurface structures influence the shallow ground-water system, and

3) abrupt transitions from braided to meandering along the Snake River may indicate
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rapid transitions in materials, topography, water supply, and/or the influence of subsurface

structures.

3.4.2 Baseflow

Gaining and losing reaches of rivers, and ground-water flux to and from the rivers
in Jackson Hole were estimated through baseflow analyses of river gage data. The
collection of river gage data has been sporadic; river flows were rc;:orded at four stations
in the basin from 1950-1965. Since 1966, more permanent gage stations were added to
the Jackson Hole network, and numerous miscellaneous/one-time measurements were
made in the valley (Figure 3.6). River gage data from 1964 to 1984 were selected and
analyzed for baseflow information since this time period coincided with other point-source
data.

Baseflow was the part of river flow derived from ground water seeping into the
stream (Fetter, 1980). Baseflow was estimated by calculating volume changes between
sequential gage stations measured simultaneously. Results of baseflow analyses and a
comparison to Cox’s (1976) estimates are presented in Table 3.1. Specifically, flow
measured at a downstream gage was subtracted from the flow measured at the next station
upstream during times when 1) runoff from snowmelt was not a factor, 2) precipitation
events were ne gligible, 3) the surface water was not frozen, and 4) evapotranspiration was
minimized (end of growing season; moderate temperatures). If a positive volume change

resulted, it was assumed the river lost the differential volume to the ground-water system,
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Table 3.1 Results of baseflow analysis.
[ RAW DATA COX (1976) ]
Cottonwood Creek
Data STATION | STATION FLOW
2800 2850 CHANGE
(1t~ 3/s) (ftA3/s) (1tA3/8)
8/15/68 138 113 -25
5/16/69 244 214 -30
7/23/69 240 229 -11
9/25/69 38 30 -8
11/11/69 19 13 -6
8/16/71 271 254 -17
9/21/71 9/21/71
STATION FLOW FLOW STATION FLOW - FLOW
CHANGE CHANGE
(1t~3/8) (1t73/8) (1t~ 3/8) | (1t~3/8)°
2800 72(Base) (1) 2800 72(Base)
2850 58(Base) -14.0 (2) 2850 58(Base) -14.0
2860 50.9(Base)]  -7.1 (3) 2860 51(Base) -11.0
2880 28.3(Base) -22.6 (4) 2880 28(Base) -25.0
*Adjusted for inflows from tributaries
9/27172 ’
STATION FLOW FLOW
CHANGE
(1tA3/s) (1tA3/8)
2800 71(Base)
2850 65.5(Base) -5.5
2900 (T) | 11.4(Base)
2950 (T) | 0.19(Base)
3000 61(Base) -16.1
T = Tributary
Flat Creek
10/2/73 10/2/73
STATION FLOW FLOW STATION FLOW FLOW BASEFLOW
CHANGE CHANGE
(ft23/s) | (1tA3/s) (12A3/8) | (ft~3/s) | (1t~3/s)*
8000 18(Base) 1 (8000) 18
8350 76(Base) 58 2 (8350) 76 58.0 45
8550 116°* ~40 3 (8550) 116 40.0 40
**Not reported as baseflow so not directly *Adjusted for inflow from tributaries
comparable to up: gage nents.
Sept. Daily Avg. 1989 - 1991
STATION FLOW FLOW
CHANGE
(1t73/s) (ftA3/s)
8000 24
8300 (T) 7
8350 59 -28
Snake River
10/25/73-10/27/1973 10/25/73-10/27/19873
STATION FLOW FLOW STATION FLOW FLOW BASEFLOW
CHANGE CHANGE
(1173/3) | (1173/a) (1tA3/78) | (1t73/s) | (1t~3/8)*
. 11000 725° 1 (1000) 394
11500 (T) 66 2 (2400) 650 256.0 0
12000 (T) 283 3 (2760) 764 114 100
12400 650 -424 4 (3650) 1060 296 290
2760 764 114 5 (6100) 1250 190 110
3650 1060 296 6 (7800) 1520 270 180
3am 76
6100 1860° 724 *Cox's flow value not published; used daily average
17450 (T) |15 (Base)** for October, 1973.
8550 (T) 116 **Reported as 80 not directly
7800 1520 ~--471 comparable to other gage measurements.
8750 Est. 1820 ~300
e —

40
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provided no tributaries joined the river between the gages. If tributaries did join the river,
their flux contribution was subtracted from the river surface flow (for example,
Cottonwood Creek 9/21/71). In comparison, if a negative volume change was calculated,
it was assumed the river had gained that differential volume from the ground-water
system in that reach.

Published baseflow analyses by Cox (1976) for September 25 through 27, 1973
indicate the Snake River gains 19.3 m%s (680 cfs) between Spread Creek fan and the
confluence of the Snake River and Flat Creek. A second Snake River baseflow analysis
was conducted using October data for the years 1979 through 1991 (Table 3.1) and
included data from a southern gage not installed at the time of Cox’s study. Results
indicated that the Snake River gained approximately 25 m®/s (880 cfs) between the dam
and the southern gage below Flat Creek. Although several tributaries could not be
accounted for and contribution from the Gros Ventre River was estimated from a previous
time period (1945-1958), the results appear to be in general agreement with Cox’s study.
Unfortunately, more detail pertaining to exact gaining and losing stretches of the Snake
River within Jackson Hole could not be estimated from the published data.

A baseflow analyses for the Gros Ventre River was not possible since gage data
were insufficient and sporadic. However, Love (personal comm., 1994) observed that the
Gros Ventre River loses flow in the vicinity of Kelly.

River gage data collected at Flat Creek on September 2, 1973 indicated gaining

conditions for most of the river and supported Cox’s (1976) conclusions. Averaged
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September data for 1989 through 1991 from two stations north and south of the town of
Jackson indicate that Flat Creek gained approximately 0.8 m’/s (28 cfs) through this
reach.

An excellent series of measurements was made on Cottonwood Creek on
September 21, 1971. Gage measurements indicate Cottonwood Creek loses approximately
1.4 m*s (50 cfs) to the ground-water system between Jenny Lake and the Snake River
confluence. Pierce (personal comm, 1994) also observed that Cottonwood Creek has

nearly no flow during late summer months.

3.43 Lakes

Glacial lakes characterize the northwestern perimeter of the Jackson Hole basin
(Figure 3.2). The largest of these, Jackson Lake, is about 134 meters deep and was a
natural lake prior to the construction of a dam in 1916 which raised the lake level by 11
meters. Jackson Lake occupies a north-south trending graben that was subsequently-
eroded and dammed by glaciation. On the northwest side of the valley, terminal moraines
of Pinedale age form the natural dams of Leigh, Jenny, Taggart, Bradley, and Phelps
Lakes (Pierce and Good, 1992).

Ground-water head gradients between lakes and valley alluvium are hypothesized
to be large with perimeter lakes recharging alluvial fill, assuming the two are
hydraulically-connected. Ground-water recharge is probably slow since the hydraulic

conductivity of morainal material is sufficiently low to sustain the lakes. McGreevy and
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Gordon’s (1964) ground-water study suggests this by stating that ground-water levels in
test wells less than 61 meters east of Jackson Lake were slow to respond to reservoir
fluctuations (Figure 3.7).

The actual volume and rate of water seepage from perimeter lakes in Jackson Hole

is not measured. Estimates of flux from perimeter lakes is discussed later in Section 5.1.

3.44 Springs
- Numerous springs discharge small volumes of ground water in Jackson Hole
(Figure 3.6). The largest, Kelly Warm Spring, is 1.61 kilometers northeast of Kelly, and
discharges approximately 0.28 m’/s (10 cfs) with a maximum temperature of 86°F (Love
and Love, 1987). Love and Love (1987) suggest this spring issues from a
Holocene/Pleistocene fault that displaces glacial debris in the area.
Love and Albee (1972) report a warm spring on the Jackson thrust fault on the
west side of Boyles Hill. This spring has an estimated discharge rate of 491 m*/day (90
gpm), a temperature of 88°F and is used for irrigation. Love and Albee (1972) also report
a series of cool springs discharging an unknown ambunt near the inferred trace of the
Hoback normal fault 3.2 kilometers south of Jackson on U.S. Highway 26. No
temperature has been recorded for the cool springs, but local residents have observed that
these springs do not freeze during winter months. Springs of unknown temperature also
flow from the east side of the fault scarp which deflects Flat Creek to the south through

the Elk Refuge. Very small volumes of water presumably flow from these springs
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suggesting the scarp may form a ground-water divide (Love, personal comm., 1994).

Warm springs discharging in Jackson Hole may indicate that a deeper aquifer
system locally discharges in the Jackson Hole basin. The extent to which possible deep
aquifers interact with shallow alluvial aquifer systems is unknown. Due to lack of data,
it was assumed that influences of deep-source ground water were minimal.

»

3.5 Climate

Climate is a driving force of surface processes interacting with the shallow
ground-water system in Jackson Hole. The assessment of measured data describing
climate is therefore fundamental to surface characterization. Precipitation data has been
measured at three locations within the basin since 1936, except for the period 1985-1986.
Precipitation data after 1990 had not been published at the time the literature search was

L]

conducted for this study.

The variable climate of Jackson Hole is classified as cold-snowy-forest with humid
winters (Young, 1982). Northern latitudes, high elevations and dry air cause temperatures
to range dramatically throughout the day and between seasons. The mean annual
temperature for Jackson, elevation 2,070 kilometers is 38°F. Mean annual temperatures
for Moran, elevation 2,070 kilometers, and Moose 1,972 kilometers are 2-3°F cooler.
North-south trending mountain ranges intercept prevailing westerlies and Pacific and
Canadian storm systems. Precipitation varies with altitude and most precipitation occurs

as snowfall.
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The coincident 48 year record from 1936 to 1984 for the three rain gages was
analyzed for precipitation type and distribution. Mean annual precipitation for Jackson
is 15.85 inches per year (40.2 cm/yr). The maximum precipitation for the town of
Jackson generally occurs in May or June; July is generally the driest month (Figure 3.8).
Precipitation generally increases northward; mean annual precipitation is 24.17 inches
(61.4 cm) at Moose and 23.22 inches (59 cm) at Moran. Precipitation increases
approximately 0.033 inches per foot (0.27 cm/m) of elevation gain between Jackson and
Moose, and decreases slightly, about 0.0033 inches per foot (0.027 cm/m) of elevation
gain, from Moose to Moran, Wyoming. The high mountains surrounding Jackson Hole
may receive more than 60 inches (152 cm) of precipitation per year with snow depths
exceeding 12 feet (3.6 m) (Young, 1982). |

Precipitation data were also assessed to determine long-term climate patterns in
Jackson Hole. In particular, patterns of drought or excess rainfall were of interest since
these phenomena might impact the shallow ground-water system. Means were calculated
from the total reported record for each station, and the cumulative departure from mean
precipitation was plotted (Figure 3.9). The cumulative departure plot was then compared
with similar plots of Salt Lake City, Utah (Coleman, 1992). The figure indicates that
from 1915 to 1980 a major moisture deficit was recorded in the northern- and southern-
most part of the basin, while the record for Moose indicates a major moisture surplus.
The magnitude and pattern of the cumulative departure plot for Moose differs

significantly from the plots of the Jackson and Moran plots.
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Since the cumulative departure from mean precipitation seemed to differ so
dramatically for the Jackson Hole rain gages, a second analysis was conducted using a
coincident record period for all three stations: 1936-1983. The means for each station
were re-calculated using the 1936-1983 period. Results of the second analysis (Figure
3.10) show the period and magnitude of moisture deficit decreased for both the Jackson
and Moran statistics, but the shape of the curves remained generally the same. The
station at Moose displayed a substantial change in pattern and magnitude, especially after
the year 1960. Thus, the period of record analyzed effected the data plots. It is
speculated that early gage data at Moose may be erroneous, or that a longer record period
is necessary to produce more representative results.

Tﬁe moisture deficit plots derived from the total record for the Jackson and Moran
record are similar in pattern and magnitude to results presented by Coleman (1991) for
Salt Lake City, Utah (see Figure 3.11). Coleman (1991) suggests, based on a 100 year
precipitation record, that cycles of water surplus and deficit have a frequency of
approximately 100 years in Salt Lake City, Utah. While the record for Jackson Hole is
not long enough to support these conclusions, the Salt Lake study may implicate a
regional climatic trend.

Potential evaporation for Jackson Hole was derived from NOAA (1982)
evaporation curves for the 48 contiguous United States since no site-specific evaporation
data have been published. These maps were derived from a compilation of data from 478

Class A pan evaporation stations monitored from 1956 - 1970 across the United States.
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The NOAA (1982) potential evaporation curves were used to estimate the potential
shallow lake or free-water surface evaporation in Jackson Hole to be 25 inches (63.5 cm)
from May to October, and 35 inches (89 cm) annually. Because no measured evaporation
data exists for Jackson Hole, the following generalizations were considered: 1)
evaporation potential is highest in the summer and generally exceeds precipitation, 2)
evaporation generally decreases with increasing elevation, and 3) the minimum
evaporation for high western valleys during winter months (November to April) is 7
inches (17.8 cm) (NOAA,1982).

Jackson Hole is generally spared the persistent winds which occur across much
of Wyoming. However, high winds of 75 miles per hour (120 km/hr) have been recorded
during storms. In general, mountainous topography channels winds through the valley

in a southwest-northeast direction.

3.6 Vegetation Type and Distribution

Jackson Hole vegetation, characteristic of the central Rocky Mountain region, was
broadly grouped into four categories: 1) subalpine fir and Englemann Spruce, 2) lodgepole
pine and Douglas fir, 3) sagebrush and grasslands, and 4) floodplain forest (cottonwoods,
willows and conifers) (USBR, 1984)(Figure 3.12). These categories were selected to aid
hydrologic system characterization; groups 1 through 3 may represent recharge and

specific soil conditions, and group 4 may represent discharge conditions.
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Subalpine fir and Englemann spruce persist on mountain slopes between 2,378 and
3,049 meters elevation. Conifer forests, dominated by lodgepole pine, generally grow on
mountain slopes between elevations 1,921 and 2,378 meters. Conifers also prosper on the
valley floor on moraines composed of granitic rocks from the Teton mountains (Love,
1987). Sage communities on quartzitic outwash materials are juxtaposed to conifer-
covered moraines suggesting abrupt changes in material properties (infiltration,
composition and/or thickness).

Sagebrush and grassland communities are widespread throughout the valley bottom
between elevations 1,829 and 2,378 meters. These communities tend to grow on outwash
and fan deposits. Interestingly, sage and grasses flourish despite precipitation values (15-
23 inches/year; 38-58.4 cm/yr) atypical for this species. The plant communities
persistence despite relatively high precipitation may indicate 1) the materials are well-
drained, thus, the effective moisture a plant receives is much less than indicated by the
gages, 2) sage and grass communities have a variable water tolerance, 3) rainfall is not
linearly distributed between rain gages and local climate factors decrease effective
precipitation available to vegetation, and/or 4) the valley vegetation has been impacted
by historical grazing/agricultural practices.

Floodplain forests prosper primarily along the Snake and Gros Ventre Rivers
within a 0.8 to 1.6 kilometer-wide zone of the rivers. Phreatophytes, such as cottonwoods

and willows, grow closest to the river and derive their water from a shallow water table
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(Fetter, 1980). Plant communities growing on the floodplain have the highest

evapotranspiration since a water supply is continuously available.

3.6.1 Consumptive Use/Evapotranspiration

Vegetation distribution is one of the key indicators of potential vertical recharge
in Jackson Hole. Vertical recharge depends on the distribution and occurrence of
precipitation, the amount of water held by the soil, and the character and type of
vegetation (Rich, 1952). Common to most high-altitude western U.S. regions, the actual
precipitation that recharges ground water in Jackson Hole is probably a small part of total
_rainfall due to the combined effects of plant transpiration and evaporation. Measurement
of water loss due to transpiring vegetation and direct evaporation from soil surfaces is not
easily distinguishable so the two effects are measured together as evapotranspiration.
Because most vegetation on the valley floor of Jackson Hole receives water through
natural rainfall, an approach presented by Rich (1952) was used to estimate consumptive
use/evapotranspiration. Riparian végetation found growing along the Snake River
ﬂoodplain and in marshy areas, such as the Elk Refuge, is not rainfall dependent so other
methods were used to estimate evapotranspiration in these areas.

Rich (1952) conceptualizes the seasonal relationship between water availability and
consumptive use by dividing the year into periods of soil moisture recharge, water
surplus, soil moisture utilization, and water deficit (Figure 3.13). Rich’s concept

describes the Jackson Hole seasonal moisture cycles of 1) soil moisture recharge in the
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fall, 2) ground-water recharge in the winter/spring, 3) utilization of soil moisture by
plants in the spring, and 4) potential evapotranspiration/consumptive use exceeding
precipitation in the summer. It is assumed that ground-water recharge in Jackson Hole
occurs when precipitation from melting snowpack is high and evaporation from soil and
transpiration from plants is low (Rich, 1952). Results from Rich’s field study at the
Sierra Ancha Experimental Forest elevation 1,555 meters (average precipitation 25
inches/year; 63.5 cm/yr) showed that consumptive use/evapotranspiration could be
approximated using average monthly rainfall for the summer period and evaporation for
the winter period. In addition, Rich found that measurement of other variables, such as
temperature, humidity, and wind movement, did not appreciably improve accuracy' of
consumptive use estimates.

Estimates of evapotranspiration in Jackson Hole were made using Rich’s
conclusions and the following assumptions: 1) potential evapotranspiration approaches
free-water evaporation if there is complete vegetation cover and consistent climate
variables across the study area (Fransworth and Peck, 1982), 2) total evaporation from
water, soil, snow, ice and plant transpiration cannot exceed shallow lake evaporation, 3)
evapotranspiration in riparian communities is approximately equal to potential shallow
lake evaporation, and 4) potential evapotranspiration from April through October in
Jackson Hole is approximately 19 inches (48.3 cm) (Young, 1982).

Monthly precipitation distribution from 1956-1970 was assessed (Figure 3.8) to -

estimate seasonal rainfall. This time period coincides with published evaporation data by
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Fransworth and Peck (1982). Averaged precipitation values for Jackson, Moose and
Moran indicated the basin received approximately 19.5 inches (49.5 cm) of precipitation
annually, of which 8.2 inches (21 cm) fell from May to October (see Table 3.2). The
May to October interval coincided with the designated growing season in Fransworth and
Peck’s (1982) evaporation atlas. In actuality, the growing season for Jackson Hole may
deviate slightly from the May to October period. The shallow lake evaporation for May
to October 1956-1970 was 25 inches (63.5 cm) so it was assumed that most of the
prccipitation during the growing season, 8.2 inches (21 c¢m), was lost to
evapotranspiration. The annual potential shallow lake evaporation was 35 inches (89 cm)
so the potential shallow lake evaporation from November to April was 10 inches (25.4
cm). Fransworth and Peck (1982) estimated the minimal potential shallow lake
evaporation for higher altitude, northwestern regions during the winter season was 7
inches (17.8 cm) based on climate data from mountainous regions of Montana. Thus,
potential winter cvapotrapspiration was approximated to be 7 to 10 inches (17.8 to 25.4
cm).

Evapotranspiration rates for Jackson Hole vegetation groups discussed in Section
3.6, were approximated using the above information and by considering relationships
between precipitation, elevation, and vegetation. It was estimated that evapotranSpiration
for areas covered by sagebrush and grassland was 15 inches per year (38.1 cm/yr) (8
inches summer + 7 inches winter). Evapotranspiration rates for areas dominated by

lodgepole pine and Douglas fir (higher elevation evergreens) were approximated at 18.5
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inches per year (47 cm) (8.5 summer + 10 inches winter). Although subalpine and alpine
regions receive more precipitation, it was assumed that the growing season was
substantially shorter and that evapotranspiration decreases with increasing elevation, thus
these regions were assumed to have evapotranspiration rates similar to lodgepole/Douglas
fir areas (18.5 inches per year; 47 cm/yr). Floodplains covered primarily by riparian
vegetation were estimated to evapotranspire 32 inches per year (81 cm/yr). Water and

bare soil were assumed to evapotranspire a maximum rate of 35 inches per year (89

cm/yr).

Table 3.2 Precipitation summary for Jackson, Moose, and Moran stations, Jackson
Hole, Wyoming.

Jackson Moose Moran Average
inches (cm) inches (cm) inches (cm) | inches (cm)
Average Total 15.10 (38.4) 19.95 (50.7) | 23.46 (59.6) 19.50 (49.5)
May through October Sum 7.58 (19.3) 8.42 (214) 8.70 (22.1) 8.23 (20.9)
November through April Sum 152 (19.1) 11.53 (29.2) | 14.76 (37.5) 11.27 (28.6)

3.7 Soils
Soil surveys of Teton County were completed by the Soil Conservation Service
in 1982 at a scale of 1:24000 (Young, 1982). Love (1973) also mapped surface deposits

for engineering geology properties for the Jackson 7.5’ quadrangle.
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Soils, derived primarily from mechanical and chemical weathering of bedrock and
unconsolidated materials, vary widely in Jackson Hole. Seventy-one types of soils have
been mapped across the study area. In general, soils can be broadly categorized into 4
geomorphic groups: 1) soils of the western-northwestern mountains and foothills (1,829 -
3,963 meters elevation), 2) soils of the southern foothills, buttes, and glacial moraines
(1,829 - 2,134 meters elevation), 3) soils of the central terraces and alluvial fans (1,829 -

2,134 meters elevation), and 4) soils of the central flood plains (1;829 - 2,134 meters
elevation) (Young, 1982). Wind-blown loess deposits up to 3 meters thick are also
reported by Pierce and Good (1992). Pierce (personal comm., 1994) suggested soils are

more calcic on the east side of basin than on west side.

3.7.1 Soil Infiltration Properties

For this study, soils were grouped according to infiltration properties (Figure 3.14).
Soils are described as having high, moderate, slow or very slow infiltration rates when
saturated. The majority of the study area is characterized by moderately-drained soils.
Areas of high infiltration occur east of Burned Ridge moraine in the Potholes region.
Slow draining soils typify the floodplains of the Snake River, while very slow draining
soils are found in swampy areas such as the Elk Refuge.

Soil infiltration information was carefully assessed since published data pertaining
to the hydraulic conductivity of subsurface materials in Jackson Hole was essentially non-

existent. Preliminary assumptions were that soil/surface deposits were relatively young
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and adequately reworked by glacial-fluvial processes, and that they might approximate
subsurface aquifer materials. An analysis was performed which related the hydrologic
soil units to permeability rates presented in the engineering index properties table of the
soil survey report (Young, 1982). The area of individual soil units was multiplied by the
infiltration rate for the soii unit and summed to obtain a weighted average for each
hydrologic group. The results of this analysis showed no correlation to descriptive
hydrologic classifications based on infiltration. For example, soils that were mapped as
high infiltration units had the same permeability as soils in the slow infiltration rate group
(see Appendix B). Because field infiltration tests proved uncorrelative to qualitative soil
infiltration units, hydraulic conductivity values from Fetter (1980) for general material
types were assigned to the soil categories.

Most surface deposits mantling the floor of Jackson Hole are of glacial-fluvial
origin so they would probably have conductivity values rcpresentétive of glacial outwash
which ranges from 10?to 10" cm/sec. Morainal material damming perimeter lakes and
supporting conifer growth on the valley floor probably has hydraulic conductivity values

representative of clayey sands, till or silty sands which is approximately 10 to 103

cm/sec.
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CHAPTER 4

HYDROGEOLOGIC CHARACTERIZATION

4.1 Overview

Subsurface characterization addresses surficial and bedrock geology, regional
structure, basin geometry, and lineaments. Subsurface characterization north of Jackson
tended to be mostly qualitative since little measured data exists for this area. Water wells
drilled south of Jackson provide some subsurface data, but in general, information
contained in drilling logs is poor quality. Interpretations and results of surface analyses
were combined with subsurface interpretations to progressively build a concept of the
three-dimensional hydrogeologic framework, and aquifer type and distribution (Kolm,

1993).

4.2 Previous Geologic Work

The geology of Jackson Hole has been studied for over 100 years. The first
compilation of geological works is presented in the Wyoming Geological Association’s
11th Annual Field Conference Guidebook (1956). The geologic history and tectonics of
the proposed study area have been investigated by Blackwelder (1915), Love (1956), Love
and de la Montagne (1956), Love and Taylor (1962), Love and Albee (1972), Schroeder
(1972), Love and others (1973), Love (1977) and Love and others (1978). Studies by

Love (1973), Smith and others (1977), Gilbert (1983), Love (1987), Love and Love
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(1987), Lageson (1987), Simons and others (1988), Love (1989), and Smith and others
(1990) updated geologic descriptions with current nomenclature, and investigated
tectonics, seismicity, and engineering geology using current geologic concepts.

Basin geometry was explored usihg cross sections presented by Cox (1976),
McGreevy and Gordon (1964), Gilbert and others (1983), Love and Albee (1972), and
Love (1987). Cross sections were compared to water well drill logs filed with the State

of Wyoming.

4.2.1 Lithology

Mountain ranges surrounding Jackson Hole are comprised of sedimentary, igneous
and metamorphic rocks that range in age from Precambrian to Quaternary. General
lithology for adjacent ranges, summarized from Cox (1976) and presented in Figure 4.1,
is discussed proceeding from west to east. Basin fill and unexposed bedrock beneath the
basin are discussed last.

The Snake River Range borders Jackson Hole to the southwest. The eastern flanks
of this range are Cretaceous age sandstones and shales mantled by Pleistocene glacial
deposits.

Jackson Hole valley is bordered to the west by the precipitous east face of the
Teton Range, which is comprised of Precambrian layered gneiss, schist and amphibolite.
The metamorphic rocks are locally intruded by granite, biotite and muscovite dikes, sills,

stocks and batholiths of varying ages.
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Qal — Alluvium & glacial-outwash
B Qs - Landslide deposits

B Qd —Rock debris

B Qg - Glacial — moraine deposits
| Qyb —Basalt flows

| QTb - Bivouac Formation

BB Tt - Teewinot Formation

Tcd — Camp Davis Fommation

Tc — Colter Formation

— Volcanic rocks undivided

I TKph - Pinyon Congl. & Harbell Frms.

Bl Ksb — Unnamed sandstone, shale & coal

B Xt - Frontier Formation
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M Kmt - Mowry & Thermopolis Shales
B xa — Aspen Formation

B Kor —Beaver River Fommation

B Ku - Creatceous rocks undivided

Bl JTm —Nugget Sandstone

B 5u - Jurassic rocks, undivided

Bl TRy - Triassic rocks, undivided

2 Pp —Phosphoria Formation

Bl PMio - Tensleep Sandstone & Amsden Frm.
Bl Mm - Madison Limestone

! DOdb —Darby Frm. & Bighom Dolomite
B Cu - Cambrian rocks, undivided

B r.u - Paleozoic rocks undivided
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The northern boundary of the study area is a hydrologic boundary formed by
Jackson Lake and the Snake River. Pierce and Good (1992) estimate that 61 meters of
glacial outwash dams the southern shores of Jackson Lake. The Snake River flows
through a deep scour basin filled with glacial/fluvial materials between Jackson Lake dam
and Pacific Creek (Pierce and Good, 1992).

The Mount Leidy Highlands between Kelly and Jackson form the northeastern
boundary of the study area. These hills are Paleozoic and Cenozoic bedrock which was
extensively scoured by Bull Lake glaciers (Pierce and Good, 1990). The bedrock ranges
from shales and sandstones to limestones and dolomites. Intervening stream valleys are
mantled by alluvium and landslide debris. The most notable colluvial deposit in this area
resulted from the massive Gros Ventre landslide of 1925.

The north flank of the Gros Ventre Range forms the southeast border of the study
area. Bedrock in this area is Paleozoic and Mesozoic age limestones, dolomites,
sandstones and shales. Pleistocene glacial debris and loess, and Holocene colluvium, talus
and alluvial fans locally mantle the sedimentary sequence.

Bedrock within the valley outcrops as five distinctive knobs. Signal Mountain,
immediately southeast of Jackson Lake dam, has Tertiary outcrops of Huckleberry Ridge
Tuff (youngest), Conant Creek Tuff, and Teewinot Formation (oldest). Westward dips
measured on Signal Mountain indicate downdropping on the Teton fault of approximately
1.25 mm/yr (Pierce and Good, 1992). Blacktail Butte, near Moose, is comprised of -

Tertiary limestones and tuffs on its western half and Cambrian through Pennsylvanian



ER-4348 68

limestones, dolomites, shales and sandstones on its eastern half. East Gros Ventre Butte,
West Gros .Vcntre Butte and Millers Butte, all near the town of Jackson, are Paleozoic
and Mesozoic limestone, dolomite, siltstone and sandstone. All five buttes in the study
area have Quaternary deposits of loess, till and colluvium.

Quaternary glaciation, discussed in detail in the next section, produced modern
valley landforms, scoured the basin floor, and filled Jackson basin with glacial-fluvial
deposits that comprise the shallow alluvial aquifer of interest. The glacial-fluvial deposits
range from clay to boulder-size and may be 1,220-2,134 feet thick near the Teton front
(Gilbert et al, 1983).

A paucity of information exists regarding bedrock underlying the glacial-fluvial
deposits. Few water wells in Jackson valley penetrate bedrock and no exploratory drilling
has been performed which might reveal basin floor characteristics. Love and Albee
(1972) propose the southern basin floor is Cretaceous-age Aspen Shale. Aspen Shale
consists of approximately 457 meters of shale and claystone interbedded with siliceous
sandstone and siltstone. Love and others (1973) suggest the northern extremes of Jackson
Hole are underlain by a thick wedge of Tertiary-age conglomerate, volcanic conglomerate,
sandstone and claystone east of the Teton fault. West of the Teton fault, the basin is
underlain by a narrow section Paleozoic limestone, dolomite, shale, and sandsfone, and
Precambrian gneiss, schist, granite, and related rocks (Love and others,1973). The

transition between these units from north to south is unknown.
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4.2.2 Quaternary Geology

Quaternary glaciation is of particular interest since events that occurred during this
time produced the aquifer geometry and deposits being studied. Pleistocene glaciers
advanced southward from the Yellowstone Plateau and/or Absaroka highlands, and to a
much lesser extent from the Teton Range from approximately 140 to 15,000 years ago
(ka). Quaternary deposits and glacial features are discussed by Blackwelder (1915),
Fryxell (1930), de 1a Montagne (1956), and by Pierce and Good (1990). Pierce and Good
(1992) present an excellent descxiption of glaciaﬁon in the immediate st}idy area. The
following discussion paraphrases Pierce and Goods’ (1992) work and introduces several
prominent features and/or deposits within the study area.

Munger glaciation (Figure 4.2), correlative to Bull Lake glaciation, occurred
approximately 140 to 132 ka, and the glaciers advanced southward through the valley to
within 3.2 kilpmeters of Hoback Junction (Pierce and Good, 1992)(Figure 4.3). Pierce
and Good (1992) suggest Munger glaciers 1) scoured the walls of Jackson Hole, 2)
streamlined East and West Grds Ventre Buttes, 3) possibly eroded deep basins in southern
Jackson Hole, and 4) deposited till and outwash forming Timbered Island. Munger
glacial deposits are charactcﬂ;ed by a well-developed soil according to Pierce and Good
(1992).

Pinedale glaciation persisted from approximately 70 to 11 ka. Pierce and Good
(1992) suggest three lobes advanced south to southeast along the Snake/Jackson Lake,

Buffalo and Pacific Creek valleys from the Yellowstone/Absaroka source area. Pierce and
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Good (1992) identify three periods of Pinedale glaciation - the Burned Ridge (oldest), the
Hedrick Pond, and the Jackson Lake (youngest) phases. The size and movement of the
three lobes varied throughout these phases.

According to Pierce and Good (1992), the Buffalo Fork and Pacific Creek lobes
scoured deep basins during Burned Ridge time as they coalesced and flowed westward
into Jackson Hole towards Deadman’s Bar and Spalding Bay; the Snake River lobe
probably terminated somewhere north of Jackson Lake. The Snake River probably flowed
south along the front of the Tetons, and Buffalo Fork and Pacific Creek flowed
southwesterly to confluence the Snake possibly in the Potholes area.

Deposits and featurés associated with the outwash-dominated Burned Ridge phase
include 1) three terminal moraines and associated outwash fans in northeastern Antelope
Flats, 2) Spread Creek ice-marginal outwash deposits/fans on the east side of Jackson
Hole (61+ meters thick), and 3) deep sediments (183+ meters) north of Signal Mountain
(Oxbow Bend) and into the Spalding Bay area.

Pierce and Good (1992) describe Hedrick Pond phase as follows: 1) the Snake
River lobe flowed south through Spalding Bay to the north end of present-day Burned
Ridge; 2) the Snake River lobe coalesced with Pacific Creek lobe; and 3) the Buffalo
Fork lobe receded upvalley and was not confluent.

Deposits and landforms resuiting from the Hedrick Pond phase include 1)
additional morainal material composited onto Burned Ridge, 2) kettle formation on the

east and west sides of Burned Ridge, 3) Hedrick Pond, a deep-kettle lake south of Signal
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Mountain, and 4) outwash fan development from Spalding Bay-west channelway
southwest towards Jenny Lake (820+ meters thick) and southward across Antelope Flats.

Pierce and Good (1992) describe an undifferentiated Hedrick Pond and Jackson
Lake phase which produced 1) the Jackson Lake scour basin, and 2) end moraines
between String Lake and Spalding Bay-west channelway.

During the Jackson Lake phase, the ice margin was similar to the Hedrick Pond
phase, but did not extend as far south-southeast (by 1.61 to 8 kilometers). Repeated
failure of a glacially dammed lake in the Buffalo Fork valley (blocked by the Pacific
Creek lobe) caused 9 to 14 meters of water to flood the Snake River below Deadman's
bar (Pierce and Good, 1992).

Features associated with the Jackson Lake phase are 1) terraces of the Spalding
Bay-west channelway, 2) 3 large outwash fans south of Signal Mountain and east of
Burned Ridge, 3) the prominent meander at the Snake River Overlook which was the
outlet of Triangle X-2 lake”, 4) the flood flume; specifically, large-scale bedforms along
6 miles of the Snake River below Deadman’s Bar, and 5) the fill terrace underlying
Jackson airport.

Water well drill logs indicate that materials deposited by advancing and receding
glaciers were highly variable. Drill logs generally indicate subsurface materials are
interlayered clays, silts, sands, and gravels (Appendix C). Bedrock, when encountered,
is typically described as shale. A few drill logs describe bedrock as siltstone, sandstone

or limestone. Pierce (personal comm., 1994) hypothesizes that early basin-encompassing
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glaciers (Munger period) formed lakes as they receded in which lacustrine deposits
accumulated; Pierce feels lacustrine deposits may lie at depth across much of Jackson
Hole. Unfortunately, this hypothesis has not been confirmed since drill logs do not
adcquafcly describe subsurface materials and younger surface gravel/outwash deposits

obscure subsurface deposits.

4.2.3 Subsurface Basin Geometry

The geometry of glacial-fluvial deposits filling Jackson basin is enigmatic since
the spatial distribution of bedrock underlying unconsolidated deposits is unknown. Wells
seldom penetrate to bedrock and relatively little other exploration drilling or geophysics
has been executed/published to help define the bedrock-fill boundary. Unraveling glacial
events is helpful, but glacial studies have produced little in terms of quantitative values
for thicknesses of deposits. In addition, modern tectonics are dynamic and have
influenced the geometry of unconsolidated fill.

Based on the geologic information presented thus far, it is hypothesized that
unconsolidated materials in northern Jackson Hole fill an asymmetric "wedge" having an
axis which approximately coincides with the Teton fault. Projection of the west-dipping
Huckleberry Ridge tuff suggests that unconsolidated deposits may be 1,220 to 2,134
meters thick over the wedge axis (Pierce and Good, 1992). Deepest deposits probably
extend northward from approximately Jenny Lake to upper Jackson Lake, and the wedge .

probably thins eastward to depths of approximately 100 meters. Pierce (personal comm.,
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1994) suggests that deposits northeast of Burned Ridge moraine to the mouth of Buffalo
Fork basin may be as thick as 152 meters. Unconsolidated fill is believed to thin
southward; deposits at the south end of Jackson appear to be less than 30.5 meters. The
geometry of the south half of the basin is approximated to be "U-shaped” due to glacial

scouring.

4.2.4 Structure

Extensional tectonism, starting in late Cenozoic time, significantly controlled
modern structural development in Jackson Hole (Figure 4.4). Basin development probably
began in early Miocene time as the Warm Springs normal fault, between Jackson and
Kelly, disrupted the ancestral Teton-Gros Ventre uplift (Gilbert, 1983). Development of
north-south trending normal faults, including the Teton fault along the east flank of Teton
Range, occurred approximately 7-9 million years ago (Smith et al, 1990). These faults
developed at high angles (70° to 80° in plan view).to older, Mesozoic to early Tertiary
Cache Creek and Jackson thrust faults in the southern half of the valley. Lageson (1987)
suggests that although the Teton normal fault appears to ignore Laramide surface
structure, its development probably was controlled by pre-existing structures possibly as
old as Precambrian. Downward displacement to the east along the Teton fault has
dropped and tilted the floor of Jackson Hole westward as the Teton horst block uplifted
some 7,622 meters (Love, 1977; Behrendt et al, 1968). Gilbert (1983) concludes from

geophysical and stratigraphic evidence that the eastern hingeline of the Jackson Hole fault
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block is in the Oxbow Bend area, and that deformation occurs by warping and faulting.
Love (1956) suggests westward tilting of terraces, the migration of the Snake River
westward across the valley floor and the parallelism of tributaries to the Snake River
indicates continuing displacement along the Teton fault.

Extensional tectonism also produced horst and graben structures in the study area.
Short normal faults parallel the Teton fault at Signal Mountain (Gilbert, 1983). East and
West Gros Ventre Butte, Miller Butte and Blacktail Butte are fault blocks exposing
Paleozoic bedrock. Faults forming these hdrsts probably result from displacement along
Teton fault (Gilbert, 1983). A scarp at the northwest end of East Gros Ventre Butte
probably resulted from the downfaulting of Flat Creek valley during Holocene time
causing Flat Creek to flow south through the Elk Refuge rather than west into the Gros

Ventre River (Love, 1977).

42,5 Lineaments

Lineaments were assessed using topography and surface water patterns. Linear
patterns more than 305 meters long were identified. In general, lineaments did not seem
to follow regional fault patterns. Linear reaches of the Snake River (north of the town
of Jackson) trended approximately N35E (Figure 4.5). This trend can be projected up
Pacific Creek where it joins Jackson valley. Tributaries flowing through bedrock of
adjacent ranges trend approximately east-west north of Jackson, and northeast-southwest

south of East and West Gros Ventre Buttes. The Snake River appears to change pattern
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from braided to meandering at the projection of east-west lineaments. It is unknown if

ground-water systems in Jackson Hole relate to or are effected by lineament patterns.

4.3  Previous Hydrogeologic Work

The regional hydrology of northwestern Wyoming and Jackson Hole, including
surface and ground water quality, well yields, stream discharges, approximate water-
bearing properties of rock units and potentiometric maps (1:250,000 scale) is summarized
by Cox (1976). A similar study by Lines and Glass (1975) investigated water resources
in the Thrust Belt of western Wyoming, including the southern half of the study area.
Nelson Engineering (1991) collected well data on the west side of the Snake River from
Teton Village south to the Jackson vicinity. McGreevy and Gordon (1964) conducted a
ground-water exploration project in the alluvial aquifer, including drilling and pumping

of test wells, on the east side ‘of Jackson Lake.

4.3.1 Aquifers

Based on geology, topography and structure, the Jackson Hole regional
hydrogeologic framework was conceptualized generally as a relatively impermeable
asymmetric “bowl” filled with highly-variable, permeable glacial-fluvial deposits.
Although the study area is characterized by both bedrock and porous media-type aquifers,

the basin fill is primarily being tapped for its water resources, and is thus considered the



ER-4348 80

aquifer of interest. The surrounding bedrock aquifers were assessed only in terms of
interactions with the valley fill.

The exact geometry, distribution, and flow characteristics of basin fill comprising
the alluvial aquifer are poorly understood. Valley fill is believed to include multiple
heterogeneous, anisotropic, interconnected aquifers. Well permits and drill logs confirm
this, but log detail is insufficient to conclusively define local-scale aquifer types or
boundaries. Water wells in the valley are typically less than 45.7 meters deep and only
a few penetrate to depths of approximately 122 meters. These wells logs show that the
Pinédale-age deposits form the dominant aquifer utilized domestically and that the aquifer
matcrial consists mostly of 4g1acial outwash and morainal material with lesser amounts of
alluvial fan material along the valley sides. Consequently, the basin was characterized
having a saturated, shallow composite alluvial fill that is a continuous, unconfined aquifer
from Jackson Lake south to the Snake River canyon (Table 4.1).

The geometry of the upper Pinedale-age deposits comprising the shallow
unconfined aquifer was approximated using published geologic cross sections, well logs
and topographic constraints. In general, it was assumed that the unconfined aquifer was
approximately 15 to 45.7 meters thick across the southern half of the valley, and
underlain by relatively impermeable shale. The aquifer is hypothesized to deepen
northward towards Jackson Lake to approximately 91 to 121 meters near the Teton front,
and is underlain by volcanic bedrock/unconsolidated deposits of relatively low

permeability.
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4.3.2 Aquifer Flow Parameters

81

Transmissivity/hydraulic conductivity values for the alluvial material filling

Jackson Hole are generally unknown. Cox (1976) described flow properties of geologic

units in terms of well yields (Table 4.1). Cox (1976) also estimated aquifer transmissivity

from Blacktail Butte northward for approximately 8 kilometers to be 30,000 ft*/day (2,800

m?/day). Cox derived this transmissivity value by measuring streamflow between 2 points

on the Snake River during an unspecified period of low discharge, and by assuming a

water table configuration for the area of interest (see Figure 4.6).

Table 4.1 Generalized section of unconsolidated fill (from Cox, 1976).
Geologic Unit | Approximate Lithology Water-Bearing Properties Assumed
Thickness Hydraulic
Conductivity'
feet (meters) (cm/sec)
Alluvium and Silt, sand, Yields from a few to 2,000 gpm
glacial 200 (61) gravel,and per well. Yields as much as | 10°- 10"
outwash cobbles several cubic feet per second to
deposits individual springs
Heterogeneous | Probably would not yield more
Landslide 100 (30.5) mass ranging | than a few gallons per minute per | 10 - 10™*
Deposits ) from clay to | well. Yields water to numerous
boulders springs.
. Clay, silt, Yields from a few to 46 gpm per
Lgceusu;;e 500 (152) sand, and well near Yellowstone Lake. 10° - 10°
pos gravel May yield only a few gallons per
minute per well in Jackson Hole.
Poorly sorted | Yields from a few to 118 gpm per
Glacial material . | well from sand and gravel near
Moraine 200 (61) ranging from | Jackson Lake. 10* - 10°®
Deposits clay to
boulders

! Fetter (1980)
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Streamflow gage points -
measured gain of 290 cfs

Groundwater flow direction

Equipotential contour

Q=KiA=K (AH/AL) (W x B)
T=KB

Q=TiW

T = QAW

Cox megsured:
Q=290 cfs
W = Combined length of 6600-ft contour between flow lines =11 miles
i =70 ft / mile (average)

T = (290 cfs) (86,400 sec/day) = 30,000 fi2 / day
(11 mi) (70 ft/mi)

Figure 4.6 Transmissivity Study by Cox (1976)

82
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Most drill logs contained information from which specific capacity could be
calculated (pumping rate, pumping duration, and drawdown in the pumping well).
Specific capacity for fully penetrating wells pumped at least 24 hours ranged from 0.02
to 100 gpm/ft (4 -19,250 cfd/ft). Specific capacity for fully- and partially-penetrating
wells pumped at least 24 hours ranged from 0.02 to 115 gpm/ft (4 - 22,140 cfd/ft).
McGreevy and Gordon (1964) also performed 24 hour pump test on wells east of Jackson
Lake and determined specific capacity; 3 wells tested within the study area had specific
capacities of 0.43, 2.7, and 10 gpmy/ft (83, 520, and 1925 cfd/ft).

Specific capacity is approximately proportional to transmissivity, assuming the
well is 100% efficient (Lohman, 1979). Using specific capacity calculated from drill log
information to estimate transmissivity of the unconfined alluvial aquifer renders values
ranging over three orders of magnitude. @ However, larger values of specific
capacity/transmissivity compare closely to Cox’s (1976) transmissivity estimate. Values
of transmissivity were regarded with caution dﬁring later modeling efforts since 1)
reported pumping most likely represents allowable pumping rates, 2) drill log descriptions
of bedrock boundaries were poor so uncertainty was associated with partial versus full
penetration classification, and 3) wells were assumed not to be 100% efficient.

Considering the variability of aquifer materials and the uncertainty of aquifer
geometry, a large range in hydraulic conductivity is probable. The hydraulic conductivity

of aquifer materials was approximated from Fetter (1980) and from Cox’s transmissivity
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study. Fetter (1980) estimates an average hydraulic conductivity for glacial-type materials
is approximately 0.3-30 feet/day (10? to 10" cm/sec). Using Cox’s (1976) transmissivity
value of 30,000 ft/day (2,788 m?day) and assuming the aquifer has an approximate
average saturated thickness of 150 feet (45.7 m), hydraulic conductivity would be 200

feet/day (61 m/day).
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CHAPTER 5

HYDROLOGIC SYSTEM CHARACTERIZATION

The ground-water system associated with the Jackson Hole hydrogeologic
framework was studied according to Kolm’s (1993) procedure by integrating surface
analyses results with the hydrogeologic model. In general, the Jackson Hole basinal
system is conceptualized as ground-water flowing from and through the fractured
mountain blocks, recharging the valley fill, and discharging within the valley as surface
flow (rivers, springs, lakes,wells) or through evapotranspiration (Figure 5.1).
Characterization of this hydrologic concept involved identifying type and distribution of
recharge and discharge; water table distribution (Kolm, 1993); and ground-water flow

through subsystems.

5.1 Recharge Type, Distribution, and Amount

Recharge of the ground-water system in Jackson Hole is hypothesized to result
from 1) infiltration of precipitation, 2) infiltration from streams, 3) infiltration from lakes,
and 4) ground-water flow from adjacent,bedrock mountain systems (Figures 5.1 and 5.2).
Vertical flux to the water table by infiltrating precipitation is variable across the valley.
Infiltration potential is site-specific and dependent on factors such as the amount
(elevation dependent) and type of precipitation (rainfall, snowfall), slope and aspect

(insolation, snowpack exposure), surface materials; type, density and health of vegetation
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Figure 5.2  Schematic illustrating geology and hydrologic system model in cross
section, Jackson Hole, Wyoming.
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(transpiration), and climate variables such as wind (evaporation, sublimation). Climate,
evapotranspiration, slope and aspect and permeability of surface soils were discussed in
Chapter 3. In summary, precipitation increases from south (15.4 inches/year (39.1 cm/yr)
at elevation 6,230 feet (1,899)) to north (22.6 inches/year (57.4 cm/yr) at elevation 6,789
feet (2,070 m) in the valley bottom and with increasing elevation. The combined effects
of runoff and evapotranspiration reduced precipitation available to vertical recharge by
approximately 85-90%. Areas where snowpack is preserved the longest, such as on north-
facing, wind-protected slopes or depressions, have the greatest vertical recharge potential.
Finally, infiltration rates are probably large in areas where surface streams disappear over
surface materials classified as highly permeable (i.e. Potholes area east of Burned Ridge
moraine).

In view of the many factors that effect vertical flux, it is estimated that 10-15%
of total annual precipitation in Jackson Hole vertically recharges the aquifer. The volume
of vertical flux, estimated using ARC/INFO, is approximately 1.3 x 10° m%day. The
volume was estimated by linearly distributing precipitation throughout the valley;
ARC/INFO was used to calculate the total volume of recharge. The linear relationship
between precipitation rates and elevation, discussed in Section 3.5, is 0.033 inches per
foot (0.27 cm/m) of elevation gain between Jackson and Moose, and -0.0033 inches per
foot (-0.027 cm/m) of elevation gain between Moose and Moran. Precipitation on interior
valley high areas, where there are no rain gages, is estimated to be approximately 24

inches per year (61 cm/yr) (Young, 1982). These areas include Signal Mountain,
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Blacktail Butte, and Burned Ridge. Precipitation may range from 35 - 60 inches per year
(90 - 152 cm/yr) on the high mountains surrounding Jackson Hole (Young, 1982).

Recharge from losing reaches of rivers, streams, and irrigation canals contributes
an unknown volume of water to the ground-water system in Jackson Hole. Base flow
analyses, discussed in Section 3.4.2 and summarized in Table 3.1, showed that
Cottonwood Creek lost 50 cfs (1.4 m/s) to the ground-water system between Jenny Lake

“and the Snake River confluence; the Gros Ventre River lost water (Love, personal comm.,
1994) in the Kelly vicinity; and intermittent streams on the east side of Jackson Hole may
be losing since they disappear before reaching the Snake River. Possible recharge from
irrigation canals is expected to minimally impact the basin hydrologic system; no
irrigation water is transferred trans-basinally, so the volume of water used to irrigate is
hypothesized to approximately equal return flow (recharge).

Perimeter lakes are also hypothesized to recharge the ground-water system in
Jackson Hole. Morainal material damming most lakes is continuous with basin fill, and
the hydraulic head differential between lakes and the water table in the valley fill
indicates lakes should lose ground water to the valley fill. The volume of recharge
contributed by losing lakes was approximated using the area of the lake losing water, an
estimate of the hydraulic conductivity of morainal material damming lakes, and the head
differential between lakes and the water table (Figure 5.3). Results, summarized in Table

5.1, show that Leigh, Jenny or Phelps Lake may discharge approximately 1 to 600 ft’/day .

(0.3 - 17 m’/day) .
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Horizontal ground-water flux from adjacent mountain systems is hypothesized to
be significant, however, the actual volume is difficult to calculate. It is believed that
fractured bedrock, alluvial fans and slope deposits transmit ground water from mountain
blocks to the alluvial aquifer in Jackson Hole. It was assumed that horizontal flux from
mountain blocks is greatest in the vicinity of streams since mountain drainages generally

form along bedrock discontinuities or highly fractured zones.

Table 5.1 Summary of ground-water discharge estimates for Leigh, Jenny and Phelps
Lakes. ‘
v Q
Lake Lake Lake Water Table Flow Path (f¢/day)
Length! Level (valley) Length X X
(m) (m) (m) (m) (10* cmfs) | (107 cmis)
Leigh 8232 2,097 2,090 600 15 0.11
Jenny 4,878 2,068 2,060 820 60 0.06
Phelps 2,043 2,022 2,011 200 155 0.15

Length of lake (one-half to one-third total perimeter length)
Length of flow path: L = AH? + HD? (see Figure 5.3).

sy

Lateral flux was estimated using constant head nodes in MODFLOW to
represented the elevation of the water table where streams flowed form the mountain
blocks into the valley. Lateral flux was estimated to be approximately 3000 m*/day by

the numerical model (Section 6.12).
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5.2  Discharge Type, Distribution, and Amount

Groundwater in Jackson Hole is removed from the aquifer through 1) surface flow
(gaining rivers, ponds, springs), 2) evapotranspiration, and 3) well pumpage (Figures 5.1
and 5.2). The intersection of the water table with topography in Jackson Hole produces
gaining rivers, small lakes and springs. These surface expressions of natural discharge
occur throughout the valley. Although exact gaining reaches have not been identified,
baseflow analyses discussed in Chapter 5 indicate the Snake River gains approximately
900 cfs (25.5 m®/s) between Jackson Lake dam and the southernmost river gage below
Flat Creek.  Unlike perimeter lakes which recharge the basin fill, many small lakes are
believed to be discharge lakes. The frequency of ponds or small lakes increases
downstream and towards the Snake River in the southern half of the valley. Ground
water flux to these small lakes and ponds is dependent on size, water table fluctuations,
and potential evaporation. It was assumed the ground water lost from small lakes and
ponds was negligible in comparison to regional flow, therefore, the volume was not
estimated.

Springs, discussed in Section 3.4.4, discharge up to 10 cfs (0.28 m%s) (Kelly
Warm Spring) in the southern half of the valley (Figure 3.7). Warm springs may give
some local indication that deeper hydrologic systems discharge in is Jackson Hole. Cold
springs near East and West Gros Ventre Buttes are hypothesized to discharge insignificant

volumes relative to the basin scale of the study.
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Ground water discharged through evapotranspiration in Jackson valley is
hypothesized to be significant. Published sources indicate potential evapotranspiration in
Jackson Hole may reach 35 inches per year (89 cm/yr). A summary of Section 3.6.1,
which discusses evapotranspiration in detail, is as follows: areas of phreatophytes
(cottonwoods and willows) and shallow water table conditions were approximated to
discharge ground water at the maximum rate of 32-35 inches per year (81-90 cm/yr);
evapotranspiration from areas covered by sagebrush and grassland is estimated to be 15
inches per year (38 cm/yr); evapotranspiration from areas dominated by lodgepole pine
and Douglas fir is approximated to be 18.5 inches per year (47 cm/yr); subalpine and
alpine regions are assumed to have evapotranspiration rates similar to lodgepole/Douglas
fir areas (18.5 inches/year (47 cm/yr)). The total volume of ground water discharged
through evapotranspiration was estimated to be approximately 86,000 m’/day by
MODFLOW (Sections 6.11 and 6.12).

Groundwater is pumped through wells for domestic, municipal and agricultural use:
in Jackson Hole. The total volume discharged by pumping was assumed to approximately

equal the return flow volume, and thus, was assumed to be inconsequential.

5.3  Water Table and Flow System
The water table and flow system in Jackson Hole were first estimated by Cox

(1976) and were published as a 1:250,000 map. The water table and the flow system
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were re-estimated, however, to incorporate more recent data and the hydrologic

conceptual model developed in this study (Section 5.3.2).

§.3.1 Previous Work

Cox (1976) estimated the water table in Jackson Hole using well, river and spring
data. Cox’s water table map depicts a head drop of approximately 850 feet (259 m) from
north to south across the study area, and shows ground water flowing generally from
north to south and into the Snake River (Figure 5;’4). Cox (1976) indicates the depth to
the water table is approximately 100 feet (30.5 m) north of Blacktail Butte; Lines and
AGlass (1975) indicated groundwater south of Jackson is typically less than 25 feet (7.6 m)
below the ground surface and is rarely more than 50 feet (15 m) deep.

No discussion of ground-water flow accompanies Cox’s (1976) water table map,
but it appears Cox visualized one continuous system through the basin and into tributary
valleys. Cox’s map also seems to indicate that ground water flows directly from Jackson

Lake southeast to the Snake River.

5.3.2 Revised Flow System and Water Table

After reviewing Cox’s (1976) water table map, the flow system in Jackson valley
was re-conceptualized as three inter-connected systems. These systems are defined by
landforms (scarps and moraines), surface water features (lakes, change in river patterns,

change in drainage density), and/or geology (depositional patterns, faulting). In the new
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model, the valley aquifer extending from Jackson Lake south to the southern end of the
valley is hypothesized to have two subsystems; one to the northeast in the topographic
basin east of Burned Ridge moraine, and one east of East Gros Ventre Butte in the Elk
Refuge basin (Figure 5.5). Another subsystem is likely east of Blacktail Butte in the
valley of the Gros Ventre River. Furthermore, Jackson Lake is hypothesized to contribute
minor volumes of ground water to the basinal hydrologic system in Jackson valley.

The first ground-water subsystem is topographically defined by Burned Ridge
moraine to the south and west, Signal Mountain to the north, the valleys of Pacific and
Buffalo Creeks to the northeast, and the foothills of Mount Leidy Highlands to the east
(Figure 5.5). A ground-water divide, believed to be marked by numerous small lakes
along the crest of Burned Ridge moraine, divides this subsystem from the main valley
aquifer from approximately Spalding Bay to the Snake River. It is hypothesized that
ground water in the subsystem flows predominantly southwest and into the shallow
alluvial aquifer of Jackson valley through a narrow aquifer section in the vicinity of
Deadman’s Bar, or rather, through the ancient outlet to "Triangle X lake" (Pierce and
Good, 1992; Section 4.2.2).

This second ground-water subsystem is located where Flat Creek flows through
the National Elk Refuge towards the town of Jackson (Figure 5.5). The ground-water
divide which separates this subsystem from the major valley system is believed to be the
recent fault scarp between East Gros Ventre Butte and Peterson Springs. This scarp.

deflects Flat Creek through the Elk Refuge and is believed to form a no flow barrier to
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ground-water flow. It is hypothesized that ground water in the Elk Refuge subsystem
flows predominantly southwest and into the main valley aquifer between Snow King
Mountain and the southern arm of East Gros Ventre Butte.

The water table distribution in Jackson Hole was re-estimated from surficial
expressions of the ground-water system such as natural lakes, ponds, springs; vegetation
(phreatophytes), river baseflow (gaining versus losing river reaches), topography,and water
levels measured in wells. Wells in Jackson valley are located primarily south of Blacktail
Butte with a few scattered to the north (Figure 5.6). In general, well data showed that
the water table was shallow in the southern half of the valley (0-7.6 meters) below the
ground surface). The water table was estimated to be deeper in the northern half of the
valley (7.6-30.5 meters), and to mimic topography between points of high and low head

(i.e. Leigh Lake to the Snake River).

5.3.3 Incorporation of Well Data

Incorporating well data into the water table map was a lengthy process since wells
were reported using township and range protocol, collar elevations were not reported, and
water levels were reported as depth below ground surface. To estimate the location of
wells, the center-point of each quarter - quarter section was calculated and used to
represent the “"average" location of all wells in the quarter - quarter. The elevation of the
quarter - quarter center-point was estimated in ARC/INFO from DEM data and used to

approximate the collar elevation. Water levels, reported at the time of well completion,
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were averaged and subtracted from the estimated collar elevation (using INFO) to obtain
the water table elevation.

Well data points were subsequently incorporated with the surface water, vegetation
and topography data to produce a point coverage in ARC/INFO. The water table surface
was derived using an inverse distance weighting function (IDW) which linearly
interpolated between points to produce a discretized surface. Adjustments to the point
coverage were iteratively made until the water table satisfactorily conformed to data and
represented the new conceptual model of the flow system (Figure 5.7). The major
differences between the new water table map and Cox’s (1976) were 1) the presence of
the three ground-water divides in the new water table, and 2) the new water table had

very small hydraulic gradients around Jackson Lake.
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CHAPTER 6
NUMERICAL MODELING BACKGROUND AND SIMULATION OF

HYDROLOGIC SYSTEM USING MODFLOW AND ARC/INFO

6.1 Numerical Model Theory

In order to quantify the hydrogeologic system, the conceptual model must be
represented mathematically with respect to space and time. Mathematical models simulate
ground-water flow, calculate mass balances, and predict head distributions using a set of
boundary conditions, coupled with flow equations, to solve a governing differential
equation (Anderson and Woessner, 1992). The mathematical model may simulate steady-
state (equilibrium) or transient (non-equilibrium) conditions.

The mathematical model maybe solved using analytical or numerical methods.
Analytical solutions use an analytical equation to solve for an unknown variable at any
point in the system, thus the soiution is continuous. Analytical equations assume specific
boundary conditions which greatly simplify the hydrologic scenario (i.e. 1-D flow through
a homogenous, isotropic aquifcr). Often the underlying assumptions are too restriqtive
to be applicable to a real hydrologic system. If the analytical method is insufficient,
numerical methods, which do not calculate a direct solution, may be used to approximate

the formal solution. Numerical methods accommodate multidimensional, complex
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boundary conditions (i.e. 3-D flow through a heterogenous, anisotropic aquifer) to produce
a discrete, or non-continuous solution.

Numerical methods generally employ computer codes to solve the algebraic
equations which approximate the governing differential equation, boundary conditions, and
initial conditions (Anderson and Woessner, 1992). Finite-difference, one type of
numerical method, is commonly used in ground-water problems and was used in this
study. Finite difference represents a continuous system through a finite set of discrete
points in space and time and replaces the partial differential equations with values derived

from the differences in head at these points (McDonald and Harbaugh,1988).

6.1.1 Numerical Model Selection

The modular three-dimensional finite-difference code, MODFLOW, developed by
McDonald and Harbaugh (1988) was the computer code used to build and solve the finite-
difference model for this study. MODFLOW was selected because the computer code is
public domain, the code is widely accepted and has been validated, and the finite-

difference structure is compatible with raster output from ARC/INFO.

6.1.2 MODFLOW Description
MODFLOW'’s governing partial differential equation describes three-dimensional
ground-water flow through heterogeneous, anisotropic porous media with respect to the

continuity equation and time. MODFLOW’s governing equation is as follows:
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where
K. Ky, and K, are values of hydraulic conductivity along the x, y, and z
-coordinate axes, which are assumed to be parallel to the
major axis of hydraulic conductivity Lt

h is the potentiometric head (L)

w is a volumetric flux per unit volume and represents sources and/or sinks
of water (t!)

S, is the specific storage of the porous material (L")

t is time (t).

Cell flow between nodes is calculated using Darcy’s Law so ground-water flow
is strictly perpendicular to the cell face. To simulate 2-D flow through a one-layer,
unconfined system, MODFLOW requifes that the following parameters be defined: 1)
time (steady-state or transient), 2) grid dimensions, 3) boundary conditions (no flow,
variable or constant head, variable or constant flux), 4) saturated thickness (input as
elevations for starting heads and bottom of aquifer), 5) hydraulic conductivity, and 6) the
technique used to solve the differential equations. Other variables and stresses can be
simulated using independent modules provided to the user (i.e. recharge, wells,
evapotranspiration). Typical MODFLOW output includes predicted heads, drawdowns,

cell-flow from constant head, well, or river nodes, a volumetric and rate mass balance










































































































































































































































