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Preface

This is the third and final report in a series describing the groundwater resources of the  
Hualapai Indian Reservation. These reports document the findings of a comprehensive ground-
water study conducted on the reservation and adjacent areas from 2015 through 2018 by the 
U.S. Geological Survey in cooperation with the Bureau of Reclamation. The first report described 
the hydrologic framework and characterization of the Truxton aquifer on the Hualapai Indian 
Reservation (Bills and Macy, 2016). The second report described the hydrogeologic characteriza-
tion of the Hualapai Plateau part of the reservation (Mason, Macy, and others, 2020). This report 
includes five chapters. Chapter A (this report) is a summary of this multichapter volume, includ-
ing a brief description of the study area and hydrogeologic framework of the Truxton aquifer, 
description of the numerical groundwater-flow model developed to simulate groundwater levels 
in the aquifer, and estimates of simulated changes to groundwater levels in the aquifer based 
on projected groundwater withdrawals. Chapter B (Mason, Bills, and Macy, 2020) describes the 
geology and hydrology of the Truxton basin and Hualapai Plateau. Chapter C  
(Kennedy, 2020) describes the results of a gravity geophysical survey of the Truxton basin. 
Chapter D (Ball, 2020) describes the findings of an airborne electromagnetic survey of the Trux-
ton aquifer and Hualapai Plateau. Chapter E (Knight, 2020) describes the results of a transient 
groundwater model created for the entire Truxton aquifer both on and off the reservation. The 
groundwater-flow model is used to estimate projected groundwater levels based on future 
groundwater withdrawal scenarios. 
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Conversion Factors

U.S. customary units to International System of Units

Multiply By To obtain

Length

inch (in.) 2.54 centimeter (cm)
inch (in.) 25.4 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)

Area

acre 4,047 square meter (m2)
acre 0.4047 hectare (ha)
square mile (mi2) 2.590 square kilometer (km2) 

Volume

gallon (gal) 0.003785 cubic meter (m3) 
acre-foot (acre-ft) 1,233 cubic meter (m3)
acre-foot (acre-ft) 0.001233 cubic hectometer (hm3) 

Flow rate

acre-foot per year (acre-ft/yr) 1,233 cubic meter per year (m3/yr)
gallon per minute (gal/min) 0.06309 liter per second (L/s)
gallon per day (gal/d) 0.003785 cubic meter per day (m3/d)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as

 °F = (1.8 × °C) + 32.

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as

 °C = (°F – 32) / 1.8.

Datum
Vertical coordinate information is referenced to the National Geodetic Vertical Datum of 1929 
(NGVD 29) and North American Vertical Datum of 1988 (NAVD 88)

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Elevation, as used in this report, refers to distance above the vertical datum.



vi

Abbreviations

ADWR Arizona Department of Water Resources
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EPA U.S. Environmental Protection Agency
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Groundwater Availability in the Truxton Basin, 
Northwestern Arizona

By Jon P. Mason, Jacob E. Knight, Lyndsay B. Ball, Jeffery R. Kennedy, Donald J. Bills, and Jamie P. Macy

Introduction
The Hualapai Tribe of northwestern Arizona is seeking 

reliable and sustainable water resources to meet the projected 
long-term needs for the reservation. In cooperation with 
the Federal Indian Water-Rights Negotiation Team and the 
Bureau of Reclamation (Reclamation), the U.S. Geologi-
cal Survey (USGS) has conducted a series of investigations 
on and near the Hualapai Indian Reservation to evaluate 
groundwater resources in the area. Three reports document 
the findings from these comprehensive groundwater studies 
conducted from 2015 through 2018. The first report published 
in 2016 described the hydrologic framework and characteriza-
tion of the Truxton aquifer on the Hualapai Indian Reserva-
tion (Bills and Macy, 2016). The second report described the 
hydrogeologic characterization of the Hualapai Plateau part 
of the reservation (Mason, Macy, and others, 2020). The cur-
rent and final report in the series is focused on the availability 
of groundwater in the Truxton aquifer both on and adjacent 
to the Hualapai Indian Reservation. This chapter is a sum-
mary of a multichapter volume (five chapters), consisting of a 
brief description of the study area and hydrogeologic frame-
work of the Truxton aquifer, description of the numerical 
groundwater-flow model developed to simulate groundwater 
levels in the aquifer, and estimates of simulated changes to 
groundwater levels in the aquifer based on projected ground-
water withdrawals. Mason, Bills, and others (2020) details 
the geology and hydrology of the study area. Kennedy (2020) 
and Ball (2020) describe new geophysical data collected to 
improve the hydrostratigraphic framework necessary for esti-
mating the total storage of the Truxton aquifer and to improve 
simulation of the groundwater system. Kennedy (2020) pres-
ents the results of a Truxton basin gravity survey. Ball (2020) 
describes the acquisition, processing, and interpretation of 
an airborne electromagnetic survey of the Truxton basin and 
Hualapai Plateau. Knight (2020) documents the development 
of a transient groundwater-flow model of the Truxton aquifer 
both on and off the reservation, including details on model 
construction and calibration. The groundwater-flow model is 
used to estimate projected groundwater levels based on future 
groundwater withdrawal scenarios.

Methods of Investigation

This assessment of groundwater availability in the 
Truxton aquifer consisted of collection, integration, and use 
of both new and existing data along with the development 
and calibration of a new groundwater-flow model. The 
groundwater-flow model is the primary tool used to evaluate 
the potential future conditions of the Truxton aquifer 
groundwater system in this investigation. Data used in this 
study include groundwater levels, groundwater pumping 
rates and volumes, rate of groundwater discharge at spring 
sites, and new hydrostratigraphy developed for the area of 
this study. These data are used to construct and calibrate 
the groundwater-flow model. A finite-difference numerical 
groundwater-flow model was developed to simulate 
groundwater flow in the Truxton aquifer over the 1976–2140 
time period, with a primary goal of evaluating possible 
changes in the groundwater system resulting from projected 
increases in groundwater pumping from the aquifer.

Previous Investigations
Prior to this groundwater study, several investigations 

were completed related to the geology and hydrology of the 
Hualapai Indian Reservation and adjacent areas. Early recon-
naissance work on the geology of the Hualapai Indian Reser-
vation was conducted by USGS geologists (Dutton 1882a, b; 
Lee, 1908; Schrader, 1909; Darton, 1910, 1915, 1925; McKee, 
1934, 1938, 1945). Other early researchers who worked in this 
area include Koons (1945; 1948a, b), who described the geol-
ogy of the Hualapai Indian Reservation proceeding westward 
from the eastern Grand Canyon. The Arizona Geological Sur-
vey produced a geologic map of Mohave County in 1959 and 
a geologic map of Arizona in 1969, which has been revised 
several times since (Wilson and Moore, 1959; Reynolds, 1997; 
Richards and others, 2000). In 1942, the USGS worked with 
the Hualapai Tribe to locate and evaluate sites for the devel-
opment of livestock water on the reservation (H.V. Peterson, 
USGS, written commun., 1942). In 1962, the USGS evaluated 
the geology and promising areas for groundwater development 
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on the Hualapai Indian Reservation (Twenter, 1962). Through-
out the 1970s and 1980s, the Arizona Department of Water 
Resources (ADWR) and USGS cooperated on a series of 
groundwater condition maps for Arizona. Two of these maps 
most relevant to this study are groundwater conditions of 
the Hualapai Basin and groundwater conditions of the Peach 
Springs Basin (Remick, 1981; Myers, 1987). In the mid-
1980s, the USGS developed generalized distribution of aquifer 
material and predevelopment hydrologic conditions maps for 
alluvial basins of Arizona and adjacent areas (Freethey and 
others, 1986; Freethey and Anderson, 1986). In the mid-1990s, 
the USGS began a water-resources assessment of the Hualapai 
Indian Reservation. As part of this study, the USGS and the 
Hualapai Department of Natural Resources (HDNR) visited, 
measured flow rates, and collected water samples from most 
of the springs and selected wells on the reservation (Hualapai 
Water Resources Program, 1999, 2004, 2009). The USGS 
reevaluated the surface geology and geologic structure of the 
Hualapai Indian Reservation in relation to mineral resource 
potential in the mid-1990s (Billingsley and others, 1986, 1999; 
Wenrich and others, 1996, 1997).

Since 2000, the Hualapai Tribe has worked with private 
consultants and Federal agencies to develop a series of water-
resource assessments and water-management plans. These 
studies were designed to provide the tribe with better informa-
tion on the quantity and quality of water on the reservation 
and identify strategies to meet current and future water needs. 
Young (2007) described perched groundwater resources con-
tained in the river gravels and semiconsolidated sediments of 
the West Water Canyon area, to the north of the Truxton basin. 
Working with Reclamation, HDNR completed water man-
agement plans for the western Hualapai Plateau and Spencer 
creek watersheds and the Truxton Wash and Peach Springs 
Canyon watersheds, respectively (Hualapai Department of 
Natural Resources, 2010, 2015). Natural Resources Consult-
ing Engineers (NRCE) provided the Hualapai Tribe with an 
evaluation of the community of Peach Springs groundwater 
supply to describe the adequacy of the existing water-supply 
system to meet current domestic, commercial, and municipal 
water needs and recommend action to expand the water supply 
system (Natural Resources Consulting Engineers, 2011). As 
described previously, two reports documenting the hydrologic 
framework and characterization of the Truxton aquifer (Bills 
and Macy, 2016) and the hydrogeology of the Hualapai Pla-
teau part of the reservation (Mason, Macy, and others, 2020) 
were recently published. Bills and Macy (2016) provides a 
more detailed summary of investigations conducted prior to 
2016.

Description of the Study Area
The study area for this investigation consists of the 

Truxton basin and the adjacent Music Mountains and Hualapai 
Plateau in northwestern Arizona (fig. 1). All of the study area 
lies within or is adjacent to the Hualapai Indian Reservation. 

Introductory discussion of the study area is provided here with 
additional details included in Mason, Bills, and others (2020).

Physiography and Climate

The Truxton basin is a relatively small, 75 square mile 
topographic depression bordered to the north and east by the 
Hualapai Plateau and to the south and west by the Cottonwood 
Mountains (fig. 1). The basin is located at the northern edge of 
the Transition Zone in Arizona, which is a transition between 
the mostly flat-lying, layered sedimentary rocks of the Colo-
rado Plateau to the northeast and the heavily faulted, folded, 
and eroded Basin and Range Province to the west and south 
(Fenneman, 1931). The Truxton basin has an average elevation 
of 4,300 feet (ft; Twenter, 1962). The Music Mountains form 
the southwestern rim and are the highest point of the Hualapai 
Plateau at over 6,700 ft. The central part of the plateau has an 
average elevation of about 5,000 ft (Twenter, 1962). Erosion 
of the Paleozoic section from the Truxton basin is the primary 
reason for the difference in elevation between the two physio-
graphic features, although structural deformation along faults 
and monoclines are at play in both areas. 

The climate of the study area is classified as arid at lower 
elevations to semiarid at higher elevations. Hualapai Indian 
Reservation average annual temperatures vary, in degrees 
Fahrenheit (°F), from the mid-50s to the mid-60s depend-
ing on elevation (fig. 2). Temperature extremes of 110 °F in 
the summer and near 0 °F in the winter have been recorded 
(PRISM Climate Group, 2020). Much of the precipitation 
occurs during isolated monsoonal thunderstorms in the sum-
mer (Western Region Climate Center, 2015). Accumulations 
of snow can occur in the winter, especially at higher eleva-
tions. Occasional warm winter storms that produce rain on 
snow have resulted in large runoff events in the Peach Springs 
basin (Sellers and others, 1985; Arizona Department of Water 
Resources, 2009). As with other areas of the Colorado Plateau, 
the Hualapai Indian Reservation experiences drought condi-
tions that can last for several years to decades interspersed 
with or followed by much shorter periods of above normal 
to extremely wet weather. The climate of the study area is 
described in greater detail in Bills and Macy (2016).

Geologic Setting

The Truxton basin and Hualapai Plateau were likely very 
similar geologically prior to the Laramide uplift in the Late 
Cretaceous and Paleogene. Erosion during and after regional 
uplift removed Mesozoic deposits from the entire area and 
further removed Paleozoic deposits from most of the Truxton 
basin. Tertiary volcanism affected both areas, whereas Tertiary 
and Quaternary sedimentation further changed the Truxton 
basin.  

The base of the Truxton aquifer is delineated by Pro-
terozoic crystalline and metamorphic rock that are generally 
not considered an aquifer in the area. The bulk of geologic 
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units above the Proterozoic consist of Tertiary and Quaternary 
basin-fill deposits with some intervening Cambrian rock units 
present on the east end of the basin. Bills and Macy (2016) 
divided Truxton basin-fill deposits into the younger basin-fill 
sediments and older basin-fill sediments based on age, the 
degree of consolidation, and how likely sediments were to be 
saturated. The younger basin-fill sediments are a sequence of 
Quaternary unconsolidated to semiconsolidated sand, gravel, 
clay, and silt that are tan, light brown to reddish-brown. The 
younger basin-fill sediments are typically dry except near the 
base of the unit as observed in a few wells (Bills and Macy, 
2016). Interbeds of volcanic deposits were observed below the 
younger basin-fill sediments in some wells. Where observed 
in wells, the volcanic rocks are typically fully saturated, 
although they yield little to no water to wells (Bills and Macy, 
2016). The older basin-fill sediments in Truxton basin consist 
of a sequence of partly consolidated to consolidated, reddish-
brown to brown gravel and sand with varying amounts of 
clay. These sediments are almost always fully saturated and 
represent the main part of the Truxton aquifer (Bills and Macy, 
2016). The total thickness of basin-fill sediments and volcanic 
deposits vary widely throughout the Truxton basin, from thin 
to absent in the south to more than 500 meters (m) towards the 
center of the basin. Thicker sediments are typically associated 
with buried paleocanyons and the western footwall of the Hur-
ricane Fault (Elston and Young, 1991). 

The basement rock of the Hualapai Plateau is similar 
to the Proterozoic crystalline and metamorphic rocks that 
underlie the Truxton basin. Above the basement rock lies the 
Tonto Group: the Tapeats Sandstone, Bright Angel Shale, 
and Muav Limestone. The Tapeats Sandstone includes 
medium- to coarse-grained sandstone, conglomerate, and 
shale and lies unconformably on the Proterozoic basement 
rock. The Bright Angel Shale conformably overlies the 
Tapeats Sandstone and consists of siltstone and shale with 
thin beds of sandstone and dolomite. The Muav Limestone 
conformably overlies the Bright Angel Shale and comprises 
limestone, dolomite, and calcareous mudstone. The Devonian 
Temple Butte Formation unconformably overlies the Muav 
Limestone on the Hualapai Plateau and consists of mudstone, 
sandstone, dolomite, and conglomerate-filled channels 
eroded into the underlying Cambrian strata (Billingsley and 
others, 2006). The Mississippian Redwall Limestone crops 
out at or near the surface on much of the Hualapai Plateau, is 
several hundred feet thick in many locations, and consists of 
limestone, fossiliferous limestone, oolitic limestone, dolomite, 
fossiliferous dolomite, and chert beds (Billingsley and others, 
2006). The uppermost Paleozoic units found on the Hualapai 
Plateau are the Upper Mississippian to Upper Pennsylvanian 
Watahomigi, Manakacha, and Wescogame Formations 
(members of the Supai Group). No Paleozoic rocks are above 
the Supai Group on the Hualapai Plateau. Tertiary deposits on 
the plateau consist mainly of andesite and basalt lava flows 
and sedimentary gravel deposits. The gravel deposits occur 
mainly in stream valleys and across much of Plain Tank Flat.  
Quaternary deposits on the plateau include stream channel, 
valley fill, travertine, landslide, and alluvial fan deposits 
(Billingsley and others, 2006). 

Hydrology

Most surface-water drainages in the study area 
are ephemeral and flow only in response to substantial 
precipitation events. A few drainages have perennial reaches 
that are supported by groundwater discharge from springs. 
Truxton Wash (figs.1, 2) is the principal drainage of the 
Truxton basin and often flows for a short reach at the west 
end of the basin where it has eroded a channel through the 
basin sediments into impermeable granitic basement rocks. 
Principal drainages of the Hualapai Plateau are Peach Springs 
Canyon, which also drains part of the Truxton basin; Spencer 
creek, an informally named perennial stream within Spencer 
Canyon that drains the Spencer, Milkweed, Meriwhitica, and 
Hindu Canyons; Lost Creek, which drains Clay Tank Canyon; 
Reference Point Creek, which drains Horse Flat Canyon; and 
Quartermaster Canyon (fig. 1). Both Spencer creek and Peach 
Springs Wash have perennial reaches with substantial flow. 
The majority of perennial flow in Spencer creek originates 
from springs, which issue from the Rampart Cave Member of 
the Muav Limestone (Mason, Bills, and others, 2020). Lesser 
amounts of flow come from sediments and (or) volcanic rocks 
in the upper parts of Milkweed and West Water Canyons. 
Groundwater discharge to upper Peach Springs Wash is 
derived from older sediments and lakebed deposits of the 
Truxton aquifer and the Muav Limestone and Bright Angel 
Shale (Billingsley and others, 2006; Bills and Macy, 2016). 
Perennial flow comes into the lower reach of Peach Springs 
Wash from Diamond Creek, which flows out of the Coconino 
Plateau. Numerous other springs issuing from the Rampart 
Cave Member of the Muav Limestone flow for a short distance 
in many other canyons of the Hualapai Plateau.

Older basin-fill sediments of the Truxton basin make up 
the largest part of the Truxton aquifer. The younger basin-fill 
sediments exposed at the land surface in the Truxton basin 
are largely unsaturated but at least moderately permeable, and 
some coarser-grained sediments near the base of the younger 
basin-fill sediments are water bearing in parts of the basin 
(Bills and Macy, 2016). The Hurricane Fault, which bisects 
the Truxton basin, has created a greater thickness of basin-
fill sediments to the west of the fault (figs. 1 and 3 of Mason, 
Bills, and others, 2020). Well logs from near the community 
of Peach Springs, Ariz., and Truxton Wash indicate that the 
basin-fill sediments are dry on the east side of the Hurricane 
Fault and groundwater is found in the underlying Redwall or 
Muav limestones (Bills and Macy, 2016). 

Usable groundwater on the Hualapai Plateau is in either 
perched water-bearing zones close to the surface or in the 
Muav Limestone at depths of greater than 2,000 ft below land 
surface. Perched water-bearing zones on the plateau occur in 
paleochannel-fill sediments, volcanic rocks, and (or) recent 
channel alluvium (Twenter, 1962). Groundwater in the Muav 
Limestone aquifer is found in the Rampart Cave Member of 
and near the bottom of the Muav Limestone (Twenter, 1962; 
Mason, Macy, and others, 2020). The Muav Limestone aquifer 
is incised by deep canyons on the plateau and truncated by the 
Colorado River. This results in discharge from the aquifer as 
springs in plateau canyons and along the Colorado River in 
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the Grand Canyon. Although water flows out of the base of the 
Muav Limestone from several springs in canyons dissecting 
the Hualapai Plateau, the unit is not saturated in all areas of 
the plateau. Test wells drilled on the plateau through the Muav 
Limestone found the limestone to be dry (Mason, Macy, and 
others, 2020). Limited groundwater under artesian pressure 
was observed in these test wells below the Muav Limestone in 
the Bright Angel Shale and Tapeats Sandstone (Mason, Macy, 
and others, 2020).

Conceptual Model of the Truxton Basin 
Groundwater System

Most of the northeastern and western peripheral boundaries 
of the groundwater flow system in the Truxton basin are defined 
by hydrogeologic unit outcrops, with the eastern and southeastern 
boundaries defined by topographic and presumed groundwater 
divides. The saturated older basin-fill sediments of Tertiary age 
compose the Truxton aquifer. The partially consolidated to consol-
idated gravel, sand, and clay sediments are moderately permeable 
and generally saturated west of the Hurricane Fault. The Peach 
Springs supply wells, herein referred to as the Truxton well field, 
has pumped a modest volume of groundwater (less than 200 acre-
feet per year) from this aquifer to provide municipal supply since 
1976 (NRCE, 2011). The basin-fill sediments overlie Proterozoic 
crystalline and metamorphic basement rock that was denuded of 
Paleozoic and Mesozoic cover during and following the Laramide 
uplift. The Proterozoic crystalline and metamorphic basement rock 
is considered impermeable except where fractured.

Most inflow to the Truxton basin occurs as underflow 
from the saturated lower Paleozoic units of the eastern Hualapai 
Plateau that are in contact with the basin-fill sediments. Addi-
tional water enters the lower half of the Truxton basin from the 
northwest as mountain front recharge coming off the Music 
Mountains. Very little water is thought to enter the groundwater 
system through aerial recharge directly because of low precipi-
tation and high potential evaporation rates.

Outflow from the basin occurs as discharge to Truxton 
Wash in the south, underflow to the north, and withdrawals 
from the Truxton well field. A groundwater divide is presumed 
to be located along the short axis and somewhere in the upper 
third of the basin. 

Hydrostratigraphic Framework 
Development

Geophysical surveys were conducted to improve 
constraints on the geometry of significant hydrostratigraphic 
contacts in the Truxton basin and Hualapai Plateau. An 
airborne electromagnetic (AEM) survey was conducted over 
the full groundwater model domain, resulting in new high-
resolution resistivity models of the upper 300 to 600 m across 
the region, with a more detailed focus area around the Truxton 
basin. These models were used to develop three-dimensional 
interpretations of the base of the Muav Limestone and 
Truxton aquifers. The interpretations integrate observations of 
stratigraphic contacts in outcrop, lithologic descriptions from 
available wells, and mapped surface geology. In the deepest 
parts of the Truxton basin, where the contact between the 
basin-fill sediments and the crystalline basement lies below 
the resolution limits of the AEM survey, models of the top 
of bedrock were derived from new and existing gravity data 
and were integrated into the interpretation of the Truxton 
aquifer’s base. The improved hydrostratigraphy better defines 
the geometry of paleochannels that control the thickness 
and shape of the Truxton aquifer and captures the regional 
geometry of major faults and monoclines in the base of 
aquifers and basement surfaces.  

Simulation of Current Conditions and 
Changes to the Truxton Aquifer

A three-dimensional, numerical groundwater-flow model 
of the Truxton basin was developed to evaluate the current 
conceptual understanding of the Truxton basin groundwater 
system and estimate potential effects of projected groundwater 
withdrawals on groundwater levels and storage in the basin. 
The Truxton Basin Hydrologic Model (TBHM) was developed 
using previously published data as well as a new improved 
hydrostratigraphic framework (Ball, 2020). Processes simu-
lated in the model include groundwater recharge, groundwater 
withdrawals from pumping, groundwater discharge to springs, 

Table 1.  Estimated predevelopment groundwater-budget values for western Hualapai Plateau, eastern Hualapai Plateau, and Truxton basin.

[Acre-ft/yr, acre-feet per year; n/a, not applicable]

Model area

Inflow (acre-ft/yr) Outflow (acre-ft/yr)

Recharge Underflow 
from west

Underflow 
from east

Total inflow Springs and 
evapo- 

transpiration

Underflow 
to Truxton 

basin

Underflow from 
 Truxton basin

Total outflow

western 
Hualapai 
Plateau

3,000–6,000 n/a n/a 3,000–6,000 2,550–4,500 500–1,500 n/a 3,000–6,000

eastern 
Hualapai 
Plateau

2,500–5,500 n/a n/a 2,500–5,500 2,000–4,000 500–1,500 n/a 2,500–5,500

Truxton basin 200–600 500–1,500 500–1,500 1,200–3,600 1,100–3,300 n/a 100–300 1,200–3,600
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and riparian evapotranspiration (fig. 3). TBHM was developed 
using the USGS groundwater-flow model MODFLOW-NWT 
Version 1.1.4 (Niswonger and others, 2011). Automated 
parameter estimation was performed using PEST++ Ver-
sion 4.2.5 (White and others, 2019). TBHM is a transient 
model that simulates the hydrologic system between the 

years 1976–2140 that is discretized into 13 stress periods and 
includes three hypothetical groundwater withdrawal scenarios 
between 2020–2140. The three-dimensional TBHM grid is 4 
layers by 208 rows by 333 columns, with over half of the cells 
in the model grid inactive. Model cells are 984.25 by 984.25 ft 
(300 by 300 m) with variable thickness based on interpolated 
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Figure 3.  Map showing well and spring locations and observation zones simulated in the Truxton Basin Hydrologic Model.
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surface elevations of hydrostratigraphic units. Horizontal 
dimensions were chosen to match the general character of the 
interpreted hydrostratigraphy described in Ball (2020).  

TBHM parameters of horizontal hydraulic conductivity, 
vertical hydraulic conductivity, horizontal anisotropy, spe-
cific yield, and specific storage were calibrated to available 
groundwater level observations from wells and spring eleva-
tions and to groundwater discharge estimates from spring flow 
and evapotranspiration. Parameter values were allowed to 
vary within ranges based on previously published information.  
For the calibration process, calibration targets were assigned 
weights based on a qualitative assessment of the observation’s 
appropriate influence on the model. TBHM was iteratively 
calibrated to match target heads and flows first by manual trial 
and error and then by automated parameter estimation using 
PEST.

Final calibrated values of parameters adjusted in the 
automated estimation process were generally in agreement 
with the ranges of values identified in the conceptual model. 
Groundwater levels simulated by the calibrated model were 
comparable to groundwater-level observations with the spread 
of residuals (estimated minus simulated) generally in line 
with the uncertainty of the observations (fig. 4). The largest 
unweighted residuals are associated with groundwater levels 
in wells at higher elevations that were presumed to be in 
isolated perched systems that are disconnected from main area 
of interest for this study (fig. 5). Simulated groundwater dis-
charge was higher than the estimated discharge in some obser-
vation zones and lower in others (fig. 6). Discharge estimates 
had a high degree of uncertainty, and the target fluxes were 

men20-2159_fig04

Spring

Well

Paleozoic carbonates

Basin-fill alluvium

Bright Angel Shale and 
Tapeats Sandstone

Proterozoic crystalline 
basement

Paleozoic carbonates

Basin-fill alluvium

Bright Angel Shale and 
Tapeats Sandstone

Proterozoic crystalline 
basement

EXPLANATION
0.2

weight
Zero

weight
0.01

weight
0.1

weight

--
--

--

-- --

--

--

--

-- --

--
--

--

Duplicate of Chapter E figure 12A.

1,000

2,000

3,000

4,000

5,000

Si
m

ul
at

ed
 h

ea
d,

 in
 fe

et

1,000 2,000 3,000 4,000 5,000

Estimated head, in feet

1:1
 lin

e

assigned a correspondingly low weight. Simulated groundwa-
ter level contours and resulting groundwater flow directions 
were generally in agreement with the conceptual model of the 
groundwater system (fig. 7). Simulated groundwater head gra-
dients on the western Hualapai Plateau were steep and aligned 
with the regional dip of the strata to the northeast. Simulated 
gradients on the eastern Hualapai Plateau were less steep and 
did not correlate with strata dip direction. Simulated ground-
water flow from recharge areas at the south margin of the 
model domain flowed to the east and north toward discharge 
locations in Diamond Creek. Simulated groundwater levels 
had essentially zero gradient in the majority of Truxton basin 
except where groundwater discharges to Truxton Wash on the 
southwest end and where water exits the basin as underflow 
on the northeast end. Whereas the calibrated model simulates 
groundwater flow from recharge to discharge areas in general 
agreement with current understanding of the groundwater 
system, it does not accurately simulate the rate of groundwater 
discharge at known spring locations.  

Forecasted potential changes in groundwater levels 
and storage were based on projected future groundwater 
withdrawals in the basin by using the calibrated TBHM. 
Reclamation provided three potential future scenarios of 
groundwater withdrawals in the Truxton basin. Withdrawals 
from the existing Truxton well field increase at different rates 
in each scenario based on low, medium, and high projections 
of population growth and water needs. Withdrawals from a 
proposed new well (fig. 8) remain constant in all scenarios. 
Results from forecast simulations using the maximum future 
pumping scenario, a set of model parameters selected through 

Figure 4.  Scatterplot graph showing 
estimated versus simulated groundwater 
heads, plotted by hydrostratigraphic unit. The 
-- symbol represents a combination of weight 
and rock that are not shown on the graph.
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Figure 7.  Map 
showing Truxton Basin 
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simulated groundwater 
head contours and flow 
directions.
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the manual and automated parameter estimation process, 
and literature values for aquifer storage properties indicates 
about 28 ft of groundwater level decline (compared to 2020 
groundwater levels) near the pumping centers in the Truxton 
basin by 2140 (fig. 8).

Forecasted groundwater responses to groundwater 
withdrawals are highly sensitive to the hydraulic conduc-
tivity and storage parameters in the model. To address the 
uncertainty in aquifer properties in response to withdrawals, 
the forecasts of groundwater level changes are presented as a 
range of probable outcomes that result from the withdrawal 
scenarios. These outcomes were produced using the Monte 

Carlo method, wherein an ensemble of models is run using 
parameter values drawn from within a range of hydrologically 
reasonable values. Storage property values are drawn from a 
normal distribution built using the initial estimate as the mean 
and the estimated lower and upper bounds as the ±3 stan-
dard deviations. Future recharge rate was likewise varied by 
drawing a multiplying factor from a distribution between 0.75 
and 1.25. Parameter values were randomly drawn from their 
calculated or prescribed distributions to create 10,000 unique 
groundwater flow model simulations. These ensemble simula-
tions produced a median drawdown of about 28 ft from 2020 
to 2140 at the Truxton basin pumping center (fig. 9), within a 
range of about 20–39 ft at the location.

Figure 8.  Map showing simulated drawdown from 2020 to 2140 
for the high pumping scenario using the primary bedrock depth, in 
feet (A) and simulated pumping rates at the Truxton well field and 
proposed new well in the high pumping scenario (B).
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Summary and Conclusions
The Hualapai Tribe of northwestern Arizona is seeking 

reliable and sustainable water resources to meet the projected 
long-term needs for the reservation. Since 2015 the USGS has 
conducted a series of investigations on and near the Hualapai 
Indian Reservation to evaluate groundwater resources in the 
area. Results from earlier investigations describe the hydro-
logic framework and characterization of the Truxton aquifer 
on the Hualapai Indian Reservation (Bills and Macy, 2016) 
and the hydrogeologic characterization of the Hualapai Plateau 
part of the reservation (Mason, Macy, and others, 2020). 
This report investigates the availability of groundwater in the 
Truxton aquifer both on and adjacent to the Hualapai Indian 
Reservation. This assessment of groundwater availability in 
the Truxton aquifer consists of collection, integration, and use 
of both new and existing hydrogeologic and geophysical data. 
These data are used to construct and calibrate a finite-differ-
ence numerical groundwater-flow model to simulate ground-
water flow in the Truxton aquifer over the 1976–2140 time 
period, with a primary goal of evaluating possible changes in 
the groundwater system resulting from projected increases in 
groundwater pumping from the aquifer.  

Simulated groundwater level contours and resulting 
groundwater flow directions produced by the Truxton Basin 
Hydrologic Model are generally in agreement with the concep-
tual model of the groundwater system. Simulated groundwater 
flow from recharge areas at the southwest and southeast mar-
gins of the model domain mostly flow to discharge locations in 
the tributary canyons of the Grand Canyon. A smaller volume 
of water flows from these areas into the saturated sediments 
of the Truxton basin. A minor amount of recharge is simulated 
to the southwestern end of the basin. Simulated groundwater 
levels have essentially zero gradient in the majority of Truxton 
basin except where groundwater discharges to Truxton Wash 
on the southwest end and where water exits the basin as under-
flow on the northeast end. The calibrated groundwater flow 
model was used to forecast potential changes in groundwater 
levels and storage based on three projected future groundwa-
ter withdrawal scenarios in the basin. Withdrawals from the 
existing Truxton well field increase at different rates in each 
scenario based on low, medium, and high projections of popu-
lation growth and water needs. Results from forecast simula-
tions using the maximum future pumping scenario, a set of 
model parameters selected through the manual and automated 
parameter estimation process, and literature values for aquifer 
storage properties indicate about 28 ft of water-level decline 
near the pumping centers in the Truxton basin from 2020 to 
2140. To address the effect of uncertainty in aquifer properties 
on model forecasts of groundwater level changes in response 
to groundwater withdrawals, Monte Carlo simulations were 
run using ranges of aquifer property values. Parameter values 
were randomly drawn from their calculated or prescribed 
distributions to create 10,000 unique groundwater-flow model 
simulations. These ensemble simulations produced a median 

drawdown of 28 ft from 2020 to 2140 at the Truxton basin 
pumping center within a range of 20–39 ft at that location. 

The Truxton Basin Hydrologic Model is not intended to 
simulate current or future discharge from specific spring loca-
tions that could be impacted by potential future withdrawals or 
changes in climate. Forecasted groundwater levels are strongly 
correlated with simulated future recharge. Repeated inven-
tory of major spring discharges will help reduce uncertainty of 
estimated recharge rates.
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