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Geochemical Assessment of Groundwater in the Big Chino 
Subbasin, Arizona, 2011–18

By Kimberly R. Beisner and Casey J.R. Jones

Abstract
A geochemical characterization of groundwater in the 

Big Chino subbasin of Arizona was conducted by the U.S. 
Geological Survey, in cooperation with the City of Prescott, 
the Town of Prescott Valley, and the Salt River Project, to 
understand groundwater evolution through the study area and 
the source of water to springs along the gaining reach of the 
Verde River just downstream from its confluence with Granite 
Creek. Samples were collected between 2011 and 2018 in 
groundwater wells completed in basin-fill and carbonate 
aquifers and at selected springs, including two discrete springs 
discharging along the aforementioned stretch of the Verde 
River. Five newly installed monitoring wells completed in the 
carbonate aquifer were sampled in 2018. Water-quality results 
obtained from these samples include the first known geo-
chemical data for carbonate groundwater beneath the basin-fill 
in the Big Chino subbasin downgradient from Walnut Creek 
near Paulden, Arizona, as well as other parts of the study 
area without previous data. Groundwater samples were col-
lected and analyzed for major ions, arsenic, nutrients, stable 
isotopes of oxygen and hydrogen (δ18O and δ2H), strontium 
isotopes (87Sr/86Sr), carbon-14, isotopes of carbon (δ13C), and 
noble gases.

Significant differences in groundwater geochemistry 
between the basin-fill and carbonate aquifers were driven pri-
marily by higher pH, tritium, and δ18O and δ2H in the basin-
fill aquifer samples and higher specific conductance and higher 
concentrations of calcium, sodium, bicarbonate, fluoride, and 
arsenic in the carbonate aquifer samples. All but one sample 
from the carbonate aquifer and two samples from the basin-fill 
aquifer exceeded the U.S. Environmental Protection Agency 
(EPA) drinking water standard for arsenic of 10 micrograms 
per liter. One basin-fill aquifer sample exceeded the EPA 
drinking water standard for fluoride of 4 milligrams per liter, 
and one carbonate aquifer sample exceeded the EPA second-
ary drinking water standard for fluoride of 2 milligrams per 
liter. A component of modern groundwater recharged follow-
ing aboveground nuclear testing beginning in the mid-1950s 
is present in some basin-fill and spring groundwater from 

this study. Groundwater that can be dated using radiocarbon 
decay is also present in the study area, with four groundwater 
samples indicating possible recharge during the Pleistocene 
with groundwater ages ranging from approximately 34,600 to 
13,300 years before present. Other groundwater sampled dur-
ing this study that can dated using radiocarbon decay ranged in 
age from about 7,500 to 1,100 years before present, indicating 
possible recharge during the Holocene.

The gaining reach of the Verde River downstream from 
the confluence with Granite Creek shows areal changes in 
temperature, pH, and specific conductance, indicating mul-
tiple zones of groundwater input. Surface-water samples for 
analyses of δ18O and δ2H have been collected at the Verde 
River near Paulden, Ariz. streamgage (09503700) during 
discharge measurements since 2009, and a trend analysis of 
the δ18O and δ2H data indicated no significant trend exists for 
the 10-year period of record. Additional groundwater samples 
from the carbonate aquifer beneath the basin-fill upgradient 
and downgradient from Walnut Creek would provide valuable 
information to understand groundwater evolution along the 
Big Chino subbasin.

Introduction
The Verde River is a major perennial water resource in 

Arizona that begins within the Big Chino subbasin in a region 
whose population has more than doubled in size from 1985 to 
2005 (fig. 1; Rothman and Mays, 2014). Population growth 
is associated with an increased demand on water resources. 
An understanding of the groundwater source and evolution 
through the Big Chino subbasin study area and the source of 
water to springs along the gaining reach of the Verde River 
just downstream from its confluence with Granite Creek is 
needed for informed decisions regarding water resources. To 
address this need, the U.S. Geological Survey (USGS), in 
cooperation with the City of Prescott, the Town of Prescott 
Valley, and Salt River Project, assessed the geochemical 
conditions of water resources in the Big Chino subbasin of 
Arizona in 2011–18.
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Purpose and Scope

The purpose of this report is to document the results of a 
study to collect geochemical data from the Big Chino subba-
sin and then characterize the aquifers to understand recharge 
elevations, water-rock interaction, and groundwater residence 
times using the best available methods. Differences between 
aquifers and changes along groundwater flow paths can 
indicate aquifer connectivity within the system. Samples were 
collected from wells and springs between 2011 and 2018.

Study Area

The Big Chino subbasin lies within the Transition Zone, 
a region of physiographic and tectonic change between the 
Colorado Plateau Province to the northeast, and the Basin and 
Range Province to the southeast (Pierce, 1985; Ostenaa and 
others, 1993; Wirt and others, 2005a) (fig. 1).

The study area is located in a semidesert grassland 
surrounded by Great Basin conifer woodland biotic com-
munities (HabiMap Arizona, 2019). Annual precipitation 
ranges from about 10 to 15 inches (in.) in the basins to around 
20 to 40 in. at the mountain crests (Blasch and others, 2006). 
Precipitation primarily occurs during two seasons, namely the 
summer monsoon season, which is characterized by short-
lived, intense, and localized convective rainstorms (July 
through September) and the winter season, which is character-
ized by longer-lived, less intense, and more regional frontal 
precipitation events (December through March). In central 
Arizona, precipitation totals for June are low relative to totals 
for subsequent months when summer monsoon rains occur.

Geology
The stratigraphy in the study area consists of Proterozoic 

igneous and metamorphic rocks overlain by a sequence of 
Paleozoic (Cambrian to Permian) sedimentary rocks, in turn 
overlain by Tertiary volcanic rocks and younger alluvial 
sedimentary deposits (fig. 2). The Devonian Martin Formation 
and Mississippian Redwall Limestone compose the dominant 
carbonate bedrock aquifer in the study area.

The Big Chino Fault trends northwest to southeast and is 
located along the base of the mountain front where the carbon-
ate units of Paleozoic age are displaced below the basin-fill 
to the southwest from the mountains to the northeast of Big 
Chino Wash (DeWitt and others, 2008) (fig. 3). The displace-
ment is greatest near the fault, and a series of grabens sequen-
tially offset the bedrock away from the fault (Wirt and others, 
2005a; Langenheim and others, 2005c). Driller’s logs for 
wells completed in or below the basin-fill indicate that Tertiary 
volcanic flows intertongue with clastic sedimentary deposits 
(DeWitt and others, 2005). Fine-grained Tertiary playa depos-
its are documented in well logs and present in drill cuttings 
of the basin-fill of Big Chino Wash and create locally confin-
ing conditions, but the extent of the confinement is unknown 
(DeWitt and others, 2005).

Hydrology
The Verde River is the major perennial surface-water 

feature in the study area. Big Chino Wash is currently an 
ephemeral water feature that primarily flows toward the south-
east, parallel to the Big Chino Fault, in response to monsoon 
rain events and occasional snowmelt events. Partridge Creek, 
Pine Creek, Walnut Creek, and Williamson Valley Wash 
are tributaries of Big Chino Wash and are also intermittent 
surface-water features. Granite Creek flows toward the north 
and drains into the Verde River below Stillman Lake (fig. 4).

Groundwater in the Big Chino subbasin is primarily in 
the basin-fill aquifers and carbonate aquifers. The ground-
water in the basin-fill aquifer moves from the northwest 
toward the southeast along the axis of Big Chino Valley and 
deviates toward the south midway through the valley near 
Walnut Creek before it continues southeast toward Paulden 
(Arizona Department of Water Resources [ADWR], 2019). 
Groundwater flow in the carbonate units is less defined than 
in the basin-fill units because of a lack of wells completed in 
the carbonate units beneath the basin-fill in Big Chino Valley. 
In the carbonate aquifer, ADWR (2019) depicts northward 
groundwater flow from Ash Fork toward the Grand Canyon 
and eastward groundwater flow from Big Black Mesa toward 
Perkinsville (ADWR, 2019, fig. 5.5-6).

Karstic conditions exist in the Paleozoic carbonate units 
of the Colorado Plateau to the north and east of the study 
area (Jones and others, 2017) and likely exist in the carbon-
ate units of the Big Chino subbasin (Wirt and others, 2005a). 
Karstic features can be enhanced in areas of structural offset of 
carbonate units and can affect groundwater flow direction and 
speed. Regionally, northwest striking features in the Colorado 
Plateau are open to fluid flow (Thorstenson and Beard, 1998). 
Permeable features derived from structural and (or) karstic 
conditions can change over time; for example, where mineral 
precipitation along permeable features over long geologic 
time periods can restrict a once-permeable zone and make it 
a barrier to flow. Knowledge about the location and closed or 
open nature of permeable structural features is needed to better 
understand groundwater flow dynamics in the study area.

Structural features are present along a 1-mile (mi) 
segment of the Verde River downstream from Granite Creek 
(Krieger, 1965; Gootee and others, 2011) where the river gains 
a large amount of discharge (approximately 20 cubic feet per 
second [ft3/s]; Wirt, 2005) (fig. 5), hereafter referred to as 
the “gaining reach.” A similar gaining reach is located in the 
Mormon Pocket area downstream from the study area (approx-
imately 20 ft3/s in 0.75 mi; Beisner and others, 2018). The dip 
of the Martin Formation along the gaining reach downstream 
from Granite Creek ranges from 2 to 7 degrees to the west for 
rocks north of the river and 4 to 8 degrees to the northwest for 
rocks south of the river (Gootee and others, 2011).

The dominant faults along the gaining reach of the Verde 
River downstream from Granite Creek trend toward the north-
northeast and are primarily observed in the exposed Martin 
Formation south of the Verde River; these faults are not shown 
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to extend into the Tertiary volcanic units north of the Verde 
River (Gootee and others, 2011). Several smaller normal 
faults extend to the northwest of the main faults and perpen-
dicularly cross the Verde River in the gaining reach (fig. 5; 
Gootee and others, 2011). Portions of the aforementioned 
faults were mapped by Krieger (1965), but no faults crossing 
the Verde River in the gaining reach are shown on the larger 
scale map by DeWitt and others (2008). The Mesa Butte fault 
system is a northeast trending, deep seated regional feature 
that is presumed to originate from an ancestral fault system 
in Proterozoic rocks. There has been Cenozoic movement 
constrained by offset within volcanic rocks older than about a 
half a million years and evidence of Holocene seismic activity 
(Damon and others, 1974; Shoemaker and others, 1974). The 

Mesa Butte fault system is proposed to extend from Chino 
Valley to Shadow Mountain (near Cameron, Arizona) and is 
concealed beneath Tertiary volcanic rocks (Shoemaker and 
others, 1974). The fault system was mapped in Hell Canyon 
and south of the Verde River with displacement in Proterozoic 
rocks (Krieger, 1965). Macy and others (2019) inferred the 
presence of potential faults in the subsurface from large, 
abrupt changes in the depth of crystalline basement rock 
beneath the surficial volcanic rocks to the northeast and west 
of the gaining reach of the Verde River.

During this study, groundwater discharge into the Verde 
River was observed at two discrete springs (referred to as 
“Upper Verde Springs” ([UVS] herein) located near the geo-
logic features just described (fig. 5). It is likely that additional 
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groundwater discharge to the river occurs below the riverbed 
or as diffuse inflow (Wirt, 2005). Changes in the river channel 
are likely to occur over time, primarily following large flow 
events, and may change the location and form of expression of 
the groundwater discharges to the Verde River.

Previous Studies
Early geologic and hydrologic studies in the Big Chino 

subbasin began with a geologic description of the Paulden 
and Prescott quadrangles, including an assessment of water 
resources in the Prescott area (Krieger, 1965). A water-level 
contour map was created by Wallace and Laney (1976) and 
later updated by Schwab (1995) to include major cation and 
anion data. Levings and Mann (1980) mapped the potentio-
metric surface and discrete specific conductance from well 
samples in central Arizona, including an eastern section of the 
Big Chino subbasin; Owen-Joyce and Bell (1983) described 
physical and chemical characteristics of the aquifers and 
surface water in the same study area. Predevelopment hydro-
logic conditions in alluvial aquifers in both the Big Chino 
and Little Chino subbasins were presented by Freethy and 
Anderson (1986).

More detailed analyses involving the geochemistry of 
the Big Chino subbasin have since been completed. Ewing 
and others (1994) conducted a seepage isotope-tracer test 
(hydrogen [δ2H], oxygen [δ18O], carbon [δ13C], and tritium) 
of the Verde River and sampled wells in the Big and Little 
Chino subbasins, resulting in two steady-state groundwater 
models. Knauth and Greenbie (1997) collected stable-isotope 
data (δ2H and δ18O) for the upper 5 mi of the Verde River and 
several surrounding wells, including wells in the Big Chino 
subbasin. Wirt and Hjalmarson (2000) compared isotope data 
from the two aforementioned studies with new isotope sam-
ples collected in 1999 (δ2H, δ18O, δ13C, and tritium), which 
were coupled with geologic information, groundwater levels, 
streamflow and precipitation records, and an analysis of water-
budget components to deduce the aquifer sources of base flow 
to the UVS. The authors concluded that at least 80 percent of 
the base flow to the UVS flowed from interconnected basin-fill 
and carbonate aquifers in the Big Chino Valley.

A comprehensive study was presented by Wirt and others 
(2005a) to provide a hydrogeologic framework of the aquifers 
surrounding the Verde River, identify groundwater flow paths, 
and reassess sources of base flow to the upper Verde River 
springs. As part of this study, the geologic framework was 
evaluated by new mapping, chemical analysis, X-ray diffrac-
tion studies, and a synthesis of well logs and cross sections 
(DeWitt and others, 2005). Wirt and others (2005b) described 
the hydrogeologic framework and groundwater flow of the 
Big Chino alluvial basin, the Little Chino alluvial basin, and 
the underlying carbonate aquifer. Wirt and DeWitt (2005) 
contributed to the geochemical data in the study area by sam-
pling for major and trace elements, tritium, and stable isotope 
ratios of hydrogen, oxygen, and carbon (δ2H, δ18O, δ13C), and 
carbon-14 (14C) isotopes at wells and springs. From this data, 

the authors determined that the Big Chino subbasin outlet 
flow path is from the basin-fill aquifer through the Devonian-
Cambrian zone of the underlying carbonate aquifer. Wirt 
(2005) conducted a sodium-chloride tracer dilution study and 
synoptic water-chemistry sampling to determine the relative 
contributions from surrounding aquifers and used inverse 
modeling to quantify the extent of mixing between the Big 
Chino aquifer and upper Verde River springs.

Blasch and others (2006) detailed climatic, geologic, 
and hydrologic data in the Big Chino subbasin, Little Chino 
subbasin, and Verde Valley. Water chemistry data (major ions, 
trace elements, and stable isotopes [δ2H and δ18O]) were 
compiled from previous studies and supplemented with new 
data to quantify fractions of source waters from surrounding 
groundwater areas by means of a geochemical mixing model. 
A water budget for each subbasin and regional aquifer was 
developed from estimated inflows and outflows to the sys-
tem. The study yielded a conceptual model of the hydrologic 
system that described the recharge mechanisms, discharge 
points, and groundwater flow paths of the regional aquifers. 
The authors concluded that the groundwater flow into Big 
Chino Valley, located in the Big Chino subbasin, likely enters 
from the Redwall-Muav aquifer east and west of Big Black 
Mesa and northward from the Little Chino subbasin near Del 
Rio Springs (figs. 1 and 2). Major sources of recharge include 
the Juniper Mountains, Santa Maria Mountains, and Big Black 
Mesa. Groundwater residence time in the Big Chino Valley is 
approximately 6,000 years.

Geophysical studies have also been completed to 
further describe the hydrology in the Big Chino subbasin. 
Langenheim and others (2005a, b) analyzed aeromagnetic and 
gravity data in the upper and middle Verde River watersheds 
and surrounding areas. In southern Big Chino Valley, lati-
andesite plugs buried less than 1,000 feet (ft) below valley 
fill were described as possibly being resistant to groundwater 
flow. The depth to basement rock was calculated, and mul-
tiple faults and fractures with and without obvious surface 
expressions were delineated. Kennedy and others (2019) 
used repeat microgravity measurements to determine aquifer-
storage change, groundwater-level change, and aquifer-
confining properties in the southern part of the Big Chino 
subbasin between 2010 and 2017. There were no substantial 
recharge events during this period, and groundwater storage 
and groundwater levels showed declines in many parts of the 
study area. Controlled-source audio-frequency magnetotelluric 
surveys were conducted in the southern third of the Big Chino 
subbasin by Macy and others (2019) to more accurately con-
strain aquifer and lithologic extents that contribute to aquifer 
storage properties.

Methods
This section describes field methods for collection and 

analyses of groundwater samples. Methods for data analyses 
also are described.
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Field

Groundwater samples were collected for water-quality 
analyses from 20 wells and 4 springs following standard 
USGS protocols (table 1; U.S. Geological Survey, variously 
dated). Before water samples were collected, field proper-
ties including pH, water temperature, specific conductance, 
dissolved oxygen, and barometric pressure were measured in 
a flow-through cell during well purging at each sampling site. 
Well discharge was measured by field personnel using volu-
metric techniques or was reported by the owner. Water level, 
casing dimensions, and pumping rate were used to calculate 
the purge volume and time required to purge three casing 
volumes prior to sample collection.

Water samples were filtered (0.45 micrometer pore size) 
for major cations, trace elements, alkalinity, nutrients, 14C, 
and strontium isotopes. The major cations, trace elements, and 
strontium isotope samples were preserved to pH<2 by adding 
ultrapure nitric acid. Unfiltered samples were collected to be 
analyzed for tritium and stable isotopes. Alkalinity (field) was 
computed from titration data using the incremental equiva-
lence method (U.S. Geological Survey, variously dated).

Radon-222 (222Rn) samples were collected using a glass 
syringe and needle. Then 10 milliliters (mL) was discharged 
from the needle beneath a 10-mL mineral oil cocktail solu-
tion in a scintillation vial according to methods in the USGS 
National Field Manual (U.S. Geological Survey, variously 
dated). Noble gas samples were collected in copper tubes 
(two per sample), which were sealed with refrigerator clamps 
(Weiss, 1968). Back pressure was applied with a restrictor on 
the sample tubing past the copper tube to minimize bubble 
formation prior to sealing the samples.

Two field blank samples were collected using certified 
inorganic blank water, and two replicate samples were col-
lected. These samples represent quality assurance and quality 
control for this study.

Analytical

Water samples were analyzed for major cations, trace 
elements, and nutrients by the USGS National Water Quality 
Laboratory (NWQL) in Denver, Colorado. Analytical meth-
ods from the USGS NWQL included inductively coupled 
plasma mass spectrometry to determine arsenic concentra-
tion (Garbarino and others, 2006). Inductively coupled 
plasma atomic emission spectrometry was used to analyze for 
cations (calcium, iron, magnesium, manganese, potassium, 
and sodium) (Fishman, 1993). Anions (chloride, fluoride, 
and sulfate) were analyzed by ion chromatography, and SiO2 
was analyzed by discrete analyzer colorimetry (Fishman and 
Friedman, 1989). Nitrate (NO3) plus nitrite (NO2) were ana-
lyzed by colorimetry (Patton and Kryskalla, 2011).

Stable isotope ratios (δ18O and δ2H) were measured 
at the University of Arizona (UA) Environmental Isotope 
Laboratory, Tucson, Ariz. through 2012 and the USGS Reston 
Stable Isotope Laboratory (RSIL) in Reston, Virginia, from 

2013 to 2018. UA samples were analyzed using a gas-source 
isotope ratio mass spectrometer (Finnigan Delta S). For 
hydrogen, samples were reacted at 750 degrees Celsius (°C) 
with chromium metal using a Finnigan H/Device coupled to 
the mass spectrometer. For oxygen, samples were equilibrated 
with carbon dioxide (CO2) gas at approximately 15 °C in an 
automated equilibration device coupled to the mass spec-
trometer. Standardization is based on international reference 
materials, Vienna Standard Mean Ocean Water (VSMOW) 
and Standard Light Antarctic Precipitation. Precision is 0.9 per 
mil or better for δ2H and 0.08 per mil or better for δ18O on 
the basis of repeated internal standards. RSIL samples were 
analyzed using mass spectrometry following methods by 
Révész and Coplen (2008a, b). The two-sigma uncertainties 
are 0.2 per mil for oxygen and 2 per mil for hydrogen isotopic 
ratios reported relative to VSMOW.

Strontium isotope ratios (87Sr/86Sr) were measured by the 
USGS National Research Program Laboratory in Menlo Park, 
California, by using multicollector mass spectrometry follow-
ing methods described in Bullen and others (1996) and are 
precise to 0.00002 or better at the 95-percent confidence level.

Noble gases (helium, neon, argon, krypton, and 
xenon) were analyzed by the USGS Noble Gas Laboratory, 
Lakewood, Colo. (Hunt, 2015). 3H (tritium)/3He age was 
calculated by using 2×10-8 for the terrigenic helium (Plummer 
and others, 2012). 222Rn was analyzed by liquid scintillation 
methods at the USGS NWQL using method ASTM D 5072–98 
(ASTM, 2016). The laboratory reporting level was 20 picocu-
ries per liter (pCi/L).

Tritium was measured at the USGS Noble Gas 
Laboratory by helium ingrowth methods for samples col-
lected between 2012 and 2015 (Bayer and others, 1989). The 
University of Miami Tritium Laboratory in Miami, Florida, 
measured tritium in samples collected in 2017 and 2018 
using the electrolytic enrichment and gas-counting method, 
with a reporting limit of 0.3 pCi/L. Tritium, 14C, and δ13C 
were analyzed at the University of Arizona Accelerator 
Mass Spectrometry Laboratory in 2011. 14C and δ13C were 
analyzed by the National Ocean Sciences Accelerator Mass 
Spectrometry (NOSAMS) at the Woods Hole Oceanographic 
Institution, Massachusetts, for samples collected between 2012 
and 2018.

Data Analysis

The data were analyzed using statistical methods to 
understand similarities and differences between samples 
within and between groups. Boxplots for elements were made 
using the “boxplot” function in the R statistical computing 
environment (R Core Team, 2020). Outlier data points on 
boxplots were defined for this study as being greater than 
1.5 times the interquartile range.

Samples were grouped by groundwater type; namely basin-
fill, carbonate, and spring; basin-fill and carbonate groundwater 
groups were then compared using “wilcox.test” (R Core Team, 
2020). Trends were assessed using the trend package in R with 
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Table 1. Groundwater sample location and naming.

[Common name for site is given in brackets [ ] following cadastral site name. Latitude and longitude are in decimal degrees North American Datum of 1983. Elevation is reported in feet above the North 
American Vertical Datum of 1988. Sites 21 and 22 represent some of the Upper Verde Springs (UVS). USGS, U.S. Geological Survey; ADWR, Arizona Department of Water Resources; NA, not available]

Site 
number

Agency 
code

USGS 
site identifier

Site name Latitude Longitude Elevation
Aquifer 

type

ADWR well 
registry 
number

Basin-fill aquifer

1 USGS 344552112394001 B-16-04 14CCB1 34.7647 −112.6618 4,630 Basin-fill 55-605433
2 AZ014 344627112362501 B-16-03 17BBD1 34.7741 −112.6078 4,680 Basin-fill 55-589659
3 USGS 344645112243201 B-16-01 07CBD1 34.7792 −112.4090 4,665 Basin-fill 55-589793
4 AZ014 345209112274001 B-17-02 10CAC1 34.8692 −112.4624 4,393 Basin-fill 55-519184
5 AZ014 345300112283701 B-17-02S04DBC3 [PZ1] 34.8822 −112.4784 4,362 Basin-fill 55-524078
6 USGS 345343112280501 B-17-02 03BBB1 34.8952 −112.4688 4,395 Basin-fill 55-561786
7 USGS 345525112282601 B-18-02 28AAB1 34.9237 −112.4738 4,505 Basin-fill 55-581763
8 AZ014 350232112404901 B-19-04 10CCB2 [WMW 3] 35.0422 −112.6810 4,531 Basin-fill 55-210659
9 USGS 350311112400501 B-19-04 10AAC 35.0531 −112.6685 4,563 Basin-fill NA
10 USGS 350403112421801 B-19-04 05ABA1 [TW#1] 35.0675 −112.7057 4,574 Basin-fill 55-905230
11 AZ014 350427112414701 B-20-04 33CBD2 [WMW 2] 35.0741 −112.6972 4,555 Basin-fill 55-210660

Carbonate aquifer

12 USGS 345203112254201 B-17-02 12CBD1 [4e] 34.8675 −112.4283 4,463 Carbonate 55-228263
13 USGS 345331112243701 B-18-01 31CCC1 [4b3] 34.8918 −112.4102 4,606 Carbonate 55-228262
14 USGS 345425112261401 B-18-02 35ABA1 34.9069 −112.4373 4,580 Carbonate 55-917475
15 USGS 345502112325801 B-18-03 26BDD2 [4g] 34.9172 −112.5495 4,403 Carbonate 55-921236
16 USGS 345509112270901 B-18-02 26BBC1 34.9191 −112.4526 4,565 Carbonate 55-912454
17 USGS 345542112235401 B-18-01 19ADC1 [4b2] 34.9284 −112.3982 4,641 Carbonate 55-228265
18 USGS 345618112285301 B-18-02 21BAB1 34.9384 −112.4815 4,595 Carbonate 55-512240
19 USGS 345845112380601 B-18-04 01ABD1 [BMW2] 34.9793 −112.6350 4,560 Carbonate 55-921256
20 USGS 350820112323601 B-20-03 11AAC1 35.1366 −112.5417 5,290 Carbonate 55-588163

Springs

21 USGS 344709112495501 B-17-02 12CCA2 [UVS South] 34.8654 −112.4263 4,240 Spring NA
22 USGS 345155112253501 B-17-02 12CAC1 [Greenbie Pool] 34.8669 −112.4240 4,240 Spring NA
23 USGS 345201112252601 B-16-05 06SBBC [Cabin Spring] 34.7864 −112.8325 5,570 Spring NA
24 USGS 345235112172501 A-17-01 07AAA UNSURV [Duff Spring] 34.8758 −112.2903 4,055 Spring NA
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the “mk.test” function (Pohlert, 2020). A p-value threshold of 
0.05 (95-percent confidence level) was used to indicate statisti-
cal significance for all mentioned statistical tests.

Nonmetric multidimensional scaling (NMDS) was used 
to reduce the complex data structure (many samples and many 
elements) to represent the pairwise dissimilarity between 
objects in a low-dimensional space (Clarke and others, 2014, 
p. 5–6). Uscores of the data were computed using the “uscore” 
function for R from Helsel (2016) with default values to calcu-
late the ranks of the scores (Helsel, 2012, 2016). NMDS was 
performed on the Uscores using metaMDS from the vegan 
package in R (Oksanen and others, 2016) using Euclidean dis-
tance, where zerodist = add and autotransform = false (Helsel, 
2012). NMDS stress values ≤0.1 are considered fair with good 
ordination and no real prospect of misleading interpretation; 
values ≤0.05 indicate good fit, and values ≥0.2 are deemed 
suspect (Clarke and others, 2014, p. 5–6).

A cluster analysis was used to identify similar groups of 
samples by evaluating minimum differences within groups 
and maximum differences among groups using the “hclust” 
function with Euclidian distance matrix for the elements used 
in the NMDS analysis. The Calinski criterion was applied 
with the “cascadeKM” function of the vegan package in 
R (Oksanen and others, 2016) to determine the number of 
clusters that maximizes the difference between clusters while 
minimizing the differences within clusters.

Water sample concentrations were compared to the U.S. 
Environmental Protection Agency (EPA) drinking water 
standards presented in table 2 (U.S. Environmental Protection 
Agency, 2019a, b).

14C values (reported by NOSAMS as absolute percent 
modern carbon) were denormalized using equation 5 of 
Plummer and others (2012) to percent modern carbon (pmc). 

NetpathXL computed corrected groundwater ages using 
model 11 “Revised F&G solid ex” (Han and Plummer, 2013; 
Parkhurst and Charlton, 2008). Groundwater age was com-
puted with 14C value of 0 pmc for carbonate rock and 100 pmc 
for soil CO2, assuming δ13C values of −1.85 per mil for car-
bonate (Muller and Mayo, 1986) and −12 and −18 per mil for 
soil CO2 (Beisner and others, 2019).

Recharge temperature was calculated using recharge 
elevation and Ne, Ar, Kr, and Xe with the closed system 
equilibration model (CE) (Aeschbach-Hertig and others, 
2000) using a standard inverse technique (Newton method) to 
minimize the error-weighted misfit (Chi2) between measured 
and modeled values (Aeschbach-Hertig and others, 1999; 
Ballentine and Hall, 1999; Manning and Solomon, 2003).

A local relation between recharge temperature and 
elevation can place useful constraints on recharge elevation 
(Zuber and others, 1995; Aeschbach-Hertig and others, 1999; 
Manning and Solomon, 2003). A temperature lapse rate (Ta) 
was calculated for the Verde River watershed (presented in 
equation 1 from Beisner and others [2018] and modified here 
for elevation, in feet) using mean annual air temperature from 
available weather stations located at different elevations with 
a decrease of 8.1 °C per 1,000 meters [m]), which is similar 
to the slope of 8.7 °C per 1,000 m from Johnson and others 
(2012) from the Verde River watershed.

  Ta =  − 0.0025 z + 25.432 , (1)

where
 Ta is the recharge temperature, in degrees 

Celsius; and
 z is the recharge elevation, in feet.

Table 2. U.S. Environmental Protection Agency (2019a, b) water-quality standards for drinking water.

[Values presented in units used in this report. MCL, maximum contaminant level; SMCL, secondary maximum contaminant level; CMC, criteria maximum 
concentration (acute); CCC, criterion continuous concentration (chronic); µg/L, micrograms per liter; NA, not available; mg/L, milligrams per liter]

Analyte Units

Primary 
drinking water 

standard

Secondary 
drinking water 

standard

Aquatic-life 
water standard 

(freshwater)

MCL SMCL CMC CCC

Arsenic (As) µg/L 10 NA 340 150
Chloride (Cl) mg/L NA 250 860 230
Fluoride (F) mg/L 4 2 NA NA
Iron (Fe) µg/L NA 300 NA 1,000
Manganese (Mn) µg/L NA 50 NA NA
Nitrate as N (NO3) mg/L 10 NA NA NA
Nitrite as N (NO2) mg/L 1 NA NA NA
pH Unitless NA 6.5–8.5 NA 6.5–9
Sulfate (SO4) mg/L NA 250 NA NA
Total dissolved solids (TDS) mg/L NA 500 NA NA
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Water table temperatures, and thus, recharge temperatures, 
for typical depths below ground surface of 5 to 50 m are gener-
ally 0 to 3 °C above Ta (Domenico and Schwartz, 1990; Lee 
and Hahn, 2006; Cey, 2009). Noble gas recharge temperatures 
were computed for groundwater samples with good CE model 
fits using Ne, Ar, Kr, and Xe and for samples with reasonable 
recharge temperatures less than 21 °C. Uncertainties are gener-
ally between 0.5 and 1.5 °C (Manning, 2009).

Geochemical Analysis of Water 
Resources in the Big Chino Subbasin

Groundwater samples were collected from 11 wells 
completed in basin-fill (including unconsolidated sediment 
and basalt), 9 wells completed in Paleozoic carbonate rock 
units, and 4 spring locations (fig. 2, table 1) between 2011 and 
2018. Five newly installed monitoring wells (sites 12, 13, 15, 
17, and 19) were sampled in 2018 and include the first known 
geochemical data for carbonate groundwater beneath the 
basin-fill in the Big Chino subbasin downgradient from Walnut 
Creek near Paulden as well as other areas in the study without 
previous data. Geochemical results are presented in appendix 
1 and are also available from the USGS National Water 
Information System database (U.S. Geological Survey, 2019) 
using the USGS site identifiers listed in table 1.

Quality Assessment

Field blank results indicate a low potential for 
contamination for the majority of analytes in this study 
(table 3). The two analytes with results above the laboratory 
reporting level and with potential for contamination were 
ammonia and manganese. All of the environmental results for 
ammonia were less than 10 times the field blank value. The 
field blank ammonia concentrations were at or slightly above 
the laboratory reporting level of 0.01 milligrams per liter 
(mg/L). Low-level ammonia detections have been identified 
in large-scale USGS studies, which indicate that the field 
procedures were not the source of contamination (Mueller and 
Titus, 2005). Manganese concentration was 1.05 micrograms 
per liter (µg/L) in the field blank from 2018, and 80 percent 
of the environmental samples were less than 10 times the field 
blank value and may be biased high.

Replicate results indicate low variability with a 3 relative 
percent difference, on average, between the environmen-
tal and replicate samples (table 4). Replicate variability for 
stable isotopes was analyzed by Beisner and others (2016) for 
samples analyzed at the UA Environmental Isotope Laboratory 
and the RSIL. The replicate variability was similar to the 
variability of samples analyzed at both the UA and RSIL of 
±0.26 and ±1.30 per mil for δ18O and δ2H, respectively, and 
similar for variability of replicates analyzed at RSIL ±0.22 and 
±1.56 per mil (Beisner and others, 2016).

 

RPD
environmental replicate

environmental replicate
�

�
��

�
�

�
�
�

�

2

1100

 

(2)

where
 RPD is relative percent difference

Groundwater Geochemistry

Groundwater geochemistry is described in this section for 
general chemistry properties, strontium and stable isotopes, 
noble gases, and groundwater age. The results of multivariate 
analyses are used to determine the variation between ground-
water at different sites when including different analytes. The 
geochemistry results from this study are compared to those of 
previous studies.

General Chemistry
Water chemistry properties were measured in the field 

for water temperature, pH, specific conductance, dissolved 
oxygen, and oxidation reduction potential (from wells sampled 
after 2015). Water temperature, pH, and specific conductance 
were significantly different between the basin-fill aquifer and 
carbonate aquifer samples at the p<0.05 threshold using the 
Wilcoxon rank-sum test (fig. 6). Temperature and specific 
conductance were higher, and pH was lower, in the carbonate 
aquifer samples compared to the basin-fill aquifer samples.

Major ion proportion indicates the dominant water type 
for groundwater samples, as shown on the Piper plot (fig. 7; 
Piper, 1944). The dominant anion was bicarbonate for all but 
one sample, collected at site 3. This sample had a mixture of 
bicarbonate and chloride anions and the site is located next 
to a recharge basin. The dominant cation varied between 
calcium-, sodium-, and mixed-type waters. Two samples from 
carbonate aquifer wells (sites 19 and 20) were sodium-type 
water, which may be old water that has undergone cation 
exchange. One sample from a basin-fill aquifer well (site 8) 
was also sodium-type water. The well is completed in basalt 
and the water shows evidence of interaction with carbon-
ate; thus, it may also be old water that has undergone cation 
exchange. Samples from two basin-fill aquifer wells (sites 1 
and 2) were calcium-type water that may be young. Both wells 
are located near Williamson Valley Wash on the south side 
of the study area. One sample from a basin-fill aquifer well 
(site 7) plots near the carbonate aquifer samples that show a 
mixture of dominant cation. The site 7 well is completed in 
the basin-fill aquifer but is located close to the mountain front. 
Samples from the springs plot within the group of samples 
from carbonate aquifer wells.

Site 8 water exceeded the EPA maximum contaminant 
level (MCL) of 4 mg/L for fluoride in drinking water. Site 19 
water exceeded the EPA secondary maximum contaminant 
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level of 2 mg/L for fluoride in drinking water (fig. 8). Both 
sites are monitoring wells and are not currently used for drink-
ing water supply. Fluoride concentration was higher in carbon-
ate groundwater than in basin-fill groundwater (Wilcoxon 
rank sum, W=22 and p=0.004) with a median of 0.72 mg/L for 
carbonate and 0.31 mg/L for basin-fill (fig. 8).

Water from 13 of 22 groundwater sites sampled for this 
study exceeded the EPA MCL for arsenic of 10 µg/L (fig. 9). 
Water from all but one groundwater well completed in carbon-
ate units exceeded the EPA MCL for arsenic. Arsenic concentra-
tion was higher in wells completed in the carbonate aquifer than 
in wells completed in the basin-fill aquifer (Wilcoxon rank sum, 
W=11.5 and p=0.004) with a median of 37 µg/L for the carbon-
ate aquifer and 4.3 µg/L for the basin-fill aquifer (fig. 10).

Total dissolved solids exceeded the EPA secondary 
maximum contaminant level of 500 mg/L at eight groundwater 
wells (sites 7, 8, 13, 14, 16, 18, 19, and 20). Three samples 
(both samples from site 8 and one sample from site 21 in 2018) 
had manganese values greater than the EPA secondary drink-
ing water standard of 50 µg/L. Nutrients measured in samples 
collected in 2017 and 2018 were low for groundwaters in 
the study area compared to the EPA drinking water standards 

(table 2). Most ammonia and nitrogen (N) concentrations 
were less than the laboratory reporting level of 0.01 mg/L. 
Two low-level values of 0.01 and 0.02 were reported for UVS 
South (site 21) and Greenbie Pool (site 22) springs in 2018. 
Low-level ammonia detections have been documented in 
field blanks collected during this study, as well as in previous 
efforts by the USGS, that are in the concentration range of the 
low detections in this study (Mueller and Titus, 2005). Nitrite 
as N concentration was low with the majority of samples less 
than 0.001 mg/L; concentrations in other samples ranged from 
0.001 to 0.004 mg/L. Nitrate as N concentrations ranged from 
0.956 to 5.05 mg/L with all but two samples less than 2 mg/L. 
The EPA drinking water standard (MCL) for nitrate as N is 
10 mg/L (table 2). Orthophosphate as phosphate concentrations 
ranged from 0.013 to 0.077 mg/L.

Isotopic Analyses
Geochemistry results for isotopic analyses are presented 

for strontium isotopes of 87Sr and 86Sr and for stable isotopes 
of oxygen (δ18O) and hydrogen (δ2H).

Table 3. Results of field blank analysis.

[Dates shown as month, day, year; times shown in 24-hour format. µS/cm at 25 °C, microsiemens per centimeter at 25 degrees Celsius; mg/L, milligrams per 
liter; µg/L, micrograms per liter; N, nitrogen; P, phosphorus; CaCO3, calcium carbonate; <, less than]

Analyte Units

Result

Site 1 Site 19

8/24/2017, 
0900 hours

6/13/2018, 
0900 hours

Specific conductance, field µS/cm at 25 °C 2.4 3.3
Specific conductance, lab µS/cm at 25 °C <5 <5
Ammonia (NH3 + NH4+) mg/L as N 0.010 0.011
Nitrite mg/L as N <0.001 <0.001
Nitrate plus nitrite mg/L as N <0.04 <0.04
Orthophosphate mg/L as P <0.004 <0.004
Calcium mg/L <0.022 <0.022
Magnesium mg/L <0.011 <0.011
Sodium mg/L <0.1 <0.1
Potassium mg/L <0.1 <0.3
Chloride mg/L <0.02 <0.02
Sulfate mg/L <0.02 <0.02
Fluoride mg/L <0.01 <0.01
Silica mg/L as SiO2 <0.06 <0.06
Arsenic µg/L <0.05 <0.1
Iron µg/L <10 <10
Manganese µg/L <0.2 1.05
Acid neutralizing capacity mg/L as CaCO3 <4 <4
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Table 4. Replicate sample data for groundwater samples.

[Dates shown as month, day, year. μs/cm at 25 °C, microsiemens per centimeter at 25 degrees Celsius; mg/L, milligrams per liter; µg/L, micrograms per liter;  
N, nitrogen; P, phosphorus; CaCO3, calcium carbonate; pCi/L, picocuries per liter; R, radiochemistry non-detect; pmc, percent modern carbon; nc, not calcu-
lated; <, less than]

Analyte Units

Site 3 (sampled 8/23/17) Site 13 (sampled 2/21/18)

Environmental 
sample

Replicate 
sample

Relative 
percent 

difference

Environmental 
sample

Replicate 
sample

Relative 
percent 

difference

Specific conductance, 
lab

µS/cm at  
25 °C

512 512 0 805 807 0

pH, lab Standard 
units

8.1 8.11 0 7.9 7.85 1

Ammonia (NH3 + 
NH4+)

mg/L as N <0.01 <0.01 nc <0.01 <0.01

Nitrite mg/L as N <0.001 <0.001 nc 0.001 0.001 0
Nitrate plus nitrite mg/L as N 5.05 5.07 0 1.35 1.34 1
Orthophosphate mg/L as P 0.013 0.014 7 0.026 0.025 3
Alkalinity mg/L as 

CaCO3

125 125 0 381 372 2

Acid neutralizing 
capacity

mg/L as 
CaCO3

134 133 1 384 384 0

Calcium mg/L 38.8 38.6 1 58.4 58.1 1
Magnesium mg/L 22 21.8 1 29.6 29.5 0
Sodium mg/L 29 29.1 0 89.2 88.8 0
Potassium mg/L 1.82 1.81 1 3.56 3.58 1
Chloride mg/L 47 47 0 28.2 28.9 3
Sulfate mg/L 42.8 42.8 0 22.9 23.3 2
Sulfide mg/L <0.1000 <0.1 nc <0.1000 <0.1 nc
Fluoride mg/L 0.24 0.24 0 0.72 0.75 4
Silica mg/L as SiO2 23.5 23.5 0 32.4 32.5 0
Arsenic µg/L 4.3 4.5 4 37 36.2 2
Iron µg/L 14.3 13.2 8 <10.0 <10 nc
Iron (II) µg/L <0.1 <0.1 nc <0.1 <0.1 nc
Iron (III) µg/L <0.1 <0.1 nc <0.1 <0.1 nc
Manganese µg/L 0.81 0.84 4 10.3 10.4 1
Strontium µg/L 529 538 2 280 267 5
Tritium pCi/L 1.69 1.93 13 R 0.03 R 0.1 nc
Carbon-14 Pmc 67.98 66.5 2 18.69 18.58 1
87Sr/86Sr Unitless 0.70769 0.70782 0 0.71128 0.711312 0
δ13C Per mil −9 −10.54 16 −6.2 −6.17 0
δ2H Per mil −67.1 −66.6 1 −75.7 −76.9 2
δ18O Per mil −9.02 −9.12 1 −10.46 −10.44 0
222Rn pCi/L 720 664 8 144 157 9
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Figure 6. Boxplots of selected water chemistry properties, categorized by source. A, water temperature; B, pH; C, specific 
conductance; and D, dissolved oxygen concentration. Symbols in the spring column are data points but not outliers, because 
there were not enough data points to construct boxplots.
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Figure 7. Major ion composition of groundwater samples. All axes plot relative concentrations. 
Numerals beside symbols are the site numbers. Site names are presented in table 1.

Strontium Isotopes

The ratio of strontium isotopes 87Sr and 86Sr ranged 
from 0.70702 to 0.71824, and the strontium concentration 
ranged from 160 to 600 µg/L (fig. 11). Groundwater from 
the carbonate aquifer was more radiogenic, with a median of 
0.71121, compared to groundwater from the basin-fill aqui-
fer, with a median of 0.70926 (Wilcoxon rank sum p<0.005). 
Median strontium concentrations in groundwater from the 
carbonate aquifer (307 µg/L) were slightly less than in 
groundwater from the basin-fill aquifer (344 µg/L), but the 
groups were not significantly different (Wilcoxon rank sum 
p=0.78). UVS South (site 21) and Greenbie Pool (site 22) had 
intermediate strontium isotopic values (0.7102 and 0.7109, 
respectively) among those for the dataset of this study. Cabin 

Spring (site 23) and Duff Spring (site 24) were not sampled 
for strontium isotopes as part of this study, but previous stud-
ies reported a radiogenic isotope value of 0.72466 for Cabin 
Spring in 2001 and 0.70823 for Duff Spring in 2000. (Other 
analyte results from these samples are available in Wirt and 
DeWitt [2005] and strontium isotopic values are available in 
U.S. Geological Survey [2019].)

Tertiary volcanic rocks, including basalt, have the lowest 
measured strontium isotopic values in the area (0.70463 to 
0.70603; Bills and others, 2007; Beisner and others, 2019). 
Paleozoic sedimentary rocks have intermediate strontium 
isotopic values (0.70756 to 0.71215; Bills and others, 2007; 
Beisner and others, 2019). Proterozoic igneous rocks have the 
highest strontium isotopic values (0.71618 to 0.877889; Bills 
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Figure 8. Boxplot of fluoride concentrations categorized 
by source. Symbols in the spring column are data points 
but not outliers because there were not enough data 
points to construct boxplots.

and others, 2007; Beisner and others, 2019). Precipitation 
strontium isotopic values have been reported to range from 
0.7098 to 0.7107 (Frost and Toner, 2004).

The strontium isotopic value for site 2 is higher than 
those for other wells completed in the basin-fill aquifer. Site 
2 is located near Williamson Valley Wash, which drains from 
granitic mountains. Additionally, samples from the basin-fill 
aquifer with elevated strontium isotopic values of 0.71029 and 
0.71097 were collected at sites 1 and 7 respectively, which are 
located on the margins of the basin-fill areas where Tertiary 
volcanic rock is present at isolated locations. Site 8, sampled 
twice during this study, has the lowest strontium isotopic 
values (0.70702 and 0.70721), which are below the range for 
Paleozoic sedimentary rocks (fig. 11). This well is completed 
in basalt, and the values obtained may indicate a component 
of water has interacted with volcanic rock and Paleozoic 
sedimentary rocks.

Well 4e (site 12) has the lowest strontium isotopic value 
for wells completed in the carbonate aquifer (0.7101, fig. 11), 
which is similar to the strontium isotopic value for ground-
water sampled from a piezometer on the north bank of the 
Verde River (0.70971). Site 12 is located just north of the 
Verde River (fig. 4) and is drilled through Tertiary volcanic 
rocks above the Paleozoic sedimentary rocks it is completed 
in. The most radiogenic groundwater sample from this study 
(0.71824) was from site 20 (fig. 11), which is completed in 
Paleozoic carbonate rocks and may represent a component of 
water in contact with deeper Proterozoic rocks or local devia-
tions within the Paleozoic carbonate rock.

Stable Isotopes

Stable isotopes of oxygen (δ18O) and hydrogen (δ2H) 
in groundwater from the study area ranged from −8.76 to 
−11.3 per mil and from −64.6 to −83.2 per mil for δ18O and 
δ2H (figs. 12 and 13). The most depleted values were from 
groundwater in the highest elevations of the study area, 
specifically to the northeast and southwest of Big Chino Wash 
(fig. 12). The most enriched (least negative) values were 
measured in samples collected in basin-fill at the southern 
end of the study area, Duff Spring (site 24), a well screened 
in basalt just north of Sullivan Lake (site 4), a well screened 
in basin-fill (site 3), and the Stringtown Wash site (which may 
represent summer recharge in a localized area). Samples from 
four wells screened in the carbonate aquifer (sites 16, 18, 19, 
and 20) have more depleted (more negative) values than those 
from the other carbonate aquifer wells.

Groundwater from the carbonate aquifer was depleted 
compared with groundwater from the basin-fill aquifer 
(Wilcoxon rank sum p<0.0005) with an average of −10.6 and 
−77.6 (carbonate) and −9.79 and −71.6 (basin-fill) for δ18O 
and δ2H, respectively. Cabin Spring (site 23) is located in the 
Santa Maria Mountains and had depleted stable isotopic val-
ues of −11.3 and −78 per mil for δ18O and δ2H, respectively, 
whereas Duff Spring (24) had an enriched (less negative) 
stable isotopic values of −9.2 and −70 per mil for δ18O and 
δ2H, respectively. Two springs located along the gaining reach 
of the Verde River below Granite Creek, UVS South (site 21) 
and Greenbie Pool (site 22), have stable isotopic values in the 
middle of the range of those for groundwater samples, rang-
ing from −10.2 to −10.33 per mil for δ18O and from −74.5 to 
−76 per mil for δ2H (fig. 13).

Generally, stable isotope values decrease with increas-
ing elevation, with a change of −0.5 and −0.07 per 100 ft of 
elevation increase for δ2H and δ18O, respectively (Blasch and 
others, 2006). The observed decrease was smaller in Beisner 
and others (2016), with −0.29 and −0.04 per 100 ft of eleva-
tion increase for δ2H and δ18O, respectively. That study used 
weighted average values from winter precipitation sampled 
between Camp Verde and Flagstaff at 3,100 and 8,100 ft 
elevations at the same sites used by Blasch and others (2006) 
over a longer period of time. Additionally, for winter precipi-
tation samples collected from Prescott to Big Chino Valley, 
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stable isotopic values did not show a decrease with elevation 
between 4,600 and 7,600 ft (weighted values of approximately 
−76.4 and −11.2 for δ2H and δ18O, respectively) (Beisner 
and others, 2016). Summer precipitation samples along this 
transect did show a decrease in stable isotopic values with 
increasing elevation of similar magnitude, with a change of 
−0.22 and −0.05 per 100 ft of elevation increase for δ2H and 
δ18O, respectively, to the winter decrease between Camp Verde 
and Flagstaff (Beisner and others, 2016). This may be due to 
storm path dynamics that affect a localized area.

The stable isotopic values of δ18O from groundwater in 
the study area are all greater than −11.3 per mil (fig. 13). This 
finding may indicate that the groundwater has a component 
of summer or winter recharge from other higher locations in 
the study area where the winter recharge follows a similar 
decrease with elevation of stable isotopic values that has not 
been measured. Stable isotopic ratios of δ2H are lower than the 
winter threshold of −76.4 per mil for Cabin Spring (site 23) 

and all but three samples from the carbonate aquifer (sites 12, 
13, and 15). The groundwater samples (except for Cabin 
Spring [site 23]) plot to the right of the local meteoric water 
line and global meteoric water line (GMWL) (fig. 13) and 
may indicate a small amount of evaporation, as the precipita-
tion fell before recharge or within the unsaturated zone, that is 
not represented in the precipitation samples from Beisner and 
others (2016).

Noble Gases
Noble gas samples were collected from groundwater 

samples and represent a more direct measurement of recharge 
temperature and elevation compared with stable isotopes, as 
well as an indication of groundwater evolution. The concentra-
tion of He was highest—as much as four orders of magnitude 
greater than the lowest sample in the study area—at sites 8, 
19, and 20 with concentrations ranging from 1.16E-04 to 
4.48E-04 ccSTP/g (table 5). These sites had some of the old-
est groundwater in the study area, greater than 8,000 years 
old. Another group of samples had elevated He ranging from 
1.16E-05 to 6.79E-05 ccSTP/g at sites 7, 8, 10, 12, 14, 15, 16, 
18, and 22. These sites had old groundwater on the order of 
thousands of years old. The sites with high He—sites 7, 8, and 
10—are primarily in the carbonate aquifer or have character-
istics of water moving through carbonate prior to flowing into 
basin-fill material.

The R/Ra (ratio of 3He to 4He in the sample relative 
to the value in the atmosphere) and ratio of terrigenic He to 
total He indicate whether the source of the He in the water 
originated primarily from the atmosphere, crust, or mantle 
(table 5; White, 2013). The waters from this study had primar-
ily crustal He. Six sites (1, 2, 3, 4, 9, and 11) completed in the 
basin-fill aquifer showed a strong component of atmospheri-
cally derived He, as did site 24 (Duff Spring). Site 23 (Cabin 
Spring) had intermediate He, derived from crustal and atmo-
spheric sources. None of the sites sampled in this study had an 
appreciable component of mantle-derived fluids.

A local relation between recharge temperature and 
elevation can place useful constraints on recharge elevation 
(Zuber and others, 1995; Aeschbach-Hertig and others, 1999; 
Manning and Solomon, 2003). Recharge temperature and 
elevation computed using Ne, Ar, Kr, and Xe are presented in 
table 6. CE model results for recharge temperature and eleva-
tion that cross the local recharge and temperature relation are 
shown in figure 14.

Three sites (1, 2, and 23) had noble gas data indicat-
ing high elevation recharge (>8,000 ft) (fig. 14). These sites 
are located at the southern end of the study area (fig. 4). The 
next highest recharge elevation (6,644 ft) was site 5 (fig. 14), 
which is completed in the basin-fill aquifer and has old water. 
Sites 3 and 9, both completed in the basin-fill aquifer, have an 
identical recharge elevation of 5,512 ft. Site 7 is also com-
pleted in the basin-fill aquifer but shows geochemical evi-
dence of water movement and interaction with carbonate rock 
and has a recharge elevation of 4,921 ft. Sites 6, 15, and 21 
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(from 2017) have similar recharge elevations ranging from 
4,364 to 4,199 ft. The other sites (10, 12, 14, 16, 18, 21[2018], 
22, and 24, fig. 14, table 6) have noble gas data that when run 
through the CE model give recharge temperatures above the 
Ta+1.5 line for elevations near the ground elevation of the site. 
These may have a recharge elevation slightly higher than the 
ground elevation of the site if the groundwater recharged at a 
Ta+3 temperature, or they may represent re-equilibration near 
the sampling site.

Sites 6, 8, 14, 18, 19, 20, 21 and 22[2017] had high 
excess air values (>0.1 ccSTP/g) (table 6). The groundwater 
at some of these sites had noticeable bubbles during sampling 
that were minimized when sampling for noble gases by apply-
ing back pressure. The bubbles may indicate degassing of 
groundwater as it is pulled up from the subsurface, however. 
Degassing may alter the noble gases in the water sample com-
pared to their condition within the aquifer.

Groundwater Age

Tritium is a useful tracer for determining if there is a 
component of water recharged during or after the period of 
nuclear bomb testing in the 1950s and 1960s, when tritium 
in the atmosphere peaked and then decreased over the fol-
lowing decades. Tritium values stopped decreasing in pre-
cipitation after 1992, and average recent values of tritium 

in precipitation in Tucson, Ariz., are 17 pCi/L (Eastoe and 
others, 2012). Tritium values of samples from this study 
ranged from −0.17 pCi/L (which is less than the reporting limit 
of 0.3 pCi/L) to 11.4 pCi/L.

A categorical classification of tritium was calculated for 
the Grand Canyon, where values less than 1.3 pCi/L represent 
premodern waters, values greater than 12.8 pCi/L represent 
modern water (recharged primarily after 1952), and values 
between these thresholds indicate a mixture of premodern and 
modern water (Beisner and others, 2017). The majority of 
the groundwater samples from this study had values less than 
0.6 pCi/L, including all carbonate wells and the UVS. The 
springs with low tritium values also have radiocarbon data 
indicating old water (fig. 15; table 7). The other groundwater 
samples, including those for sites 1, 2, 3, 4, 6, 9, 11, Cabin 
Spring (site 23), and Duff Spring (site 24), have tritium values 
greater than 1.3 pCi/L indicating a mixture of premodern and 
modern water (fig. 15; table 7). Groundwater with low values 
of tritium (<0.6 pCi/L) had carbon-14 values less than 40 pmc, 
while samples with higher values of tritium (>1.3 pCi/L) had 
carbon-14 values greater than 40 pmc (fig. 15).

The age of the fraction of young water (tritiated water) 
can be calculated using the tritium value and the tritiogenic 
3He by assuming a terrigenic He value of 2E-08. Sites 1, 
2, 4, 9, 23, and 24, which have the highest tritium values 
(>2.5 pCi/L), have apparent ages of the young fraction of 
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Figure 12. Stable isotope ratios of oxygen and hydrogen (δ18O and δ2H) in the study area. Site names are presented in table 1.
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water that range from 25.1 to 37.1 years (table 7). Site 5 
potentially has a fraction of young water that is 82.9 years old, 
which could indicate some water recharged prior to the bomb 
pulse that started in 1952.

Groundwater age is inferred from 14C with correc-
tions based on total dissolved inorganic carbon (the sum of 
inorganic carbon species carbonic acid, bicarbonate, and 
carbonate) and δ13C. Graphing of carbon species helps in 
understanding the potential processes influencing carbon water 
chemistry at groundwater sampling sites before interpretation 
of groundwater age, similar to Han and others (2012) and Han 
and Plummer (2016) (fig. 16; table 8). The zero-age lines on 
figure 16 are determined from the soil gas and solid carbonate 
14C and δ13C values. Samples that plot between the zero-
age lines on figure 16 do not have a calculated radiocarbon 
age and may be explained by geochemical reaction with no 
radiocarbon decay. Samples that plot above the zero-age area 
are likely mixtures containing some old and young recharged 
water, and samples that plot below the zero-age area may have 
a radiocarbon age greater than zero, indicating the presence 
of old water that has undergone radiocarbon decay (Han and 
Plummer, 2016). Water recharged prior to 11,700 years before 
present (B.P.) is considered to be primarily recharged during 
the Pleistocene, and water younger than 11,700 years B.P. is 
considered primarily recharged during the Holocene. Results 
from NetpathXL are presented in table 8 for the revised Fontes 
and Garnier model (solid exchange) radiocarbon ages (Han 
and Plummer, 2013).

Samples from several sites plot below the zero-age areas, 
indicating they may be old waters that could have undergone 
14C decay (fig. 16) (Han and others, 2012). Sites with a pos-
sible radiocarbon age include basin-fill aquifer wells (sites 5, 
7, 8, 10), all carbonate aquifer wells (sites 12–20), and the 
UVS (sites 21 and 22) (fig. 16; table 8). Groundwater ages for 
wells 5 and 20 are within the range of Pleistocene recharge, 
and the range of possible groundwater age at wells 8 and 19 
overlaps with the Pleistocene. Groundwater from other wells 
and springs that has a radiocarbon age indicates recharge 
occurred primarily during the Holocene.

The oldest groundwater sampled in this study had a high 
CO2 concentration and was from site 20, which is a deep well 
completed in carbonate rock. The corrected age range for 
this groundwater was 30,598 to 34,648 years B.P. (table 8). 
The stable isotopic values for this groundwater are the most 
depleted in the study area (−83.2 and −11.11 for δ2H and δ18O, 
respectively) and may represent water recharged during a 
previous climate in the Pleistocene. Relative to present condi-
tions, estimated mean annual temperatures were 3 to 5 °C 
cooler and annual precipitation was greater (including greater 
winter precipitation and potential lack of monsoonal precipita-
tion) between 59,000 and 14,000 years B.P. (Anderson and 
others, 2000), which could have affected the stable isotopic 
ratio of precipitation. Plant communities north of the Grand 
Canyon have been consistent since 14,040 years B.P., before 
which there is evidence of trees being present at lower 
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Table 5. Noble gas data for groundwater samples collected in the study area.

[Dates shown as month, day, year. Noble gas concentrations are presented in cubic centimeters at standard temperature and pressure per gram of water (ccSTP/g). R/Ra, ratio of 3He to 4He in the sample relative 
to the value in the atmosphere; --, not measured]

Site number Site name Sample date Helium Neon Argon Krypton Xenon Nitrogen R/Ra

Basin-fill aquifer

1 B-16-04 14CCB1 8/24/2017 8.62E-08 3.11E-07 4.86E-04 1.03E-07 1.36E-08 2.09E-02 1.003
2 B-16-03 17BBD1 7/2/2014 7.32E-08 3.02E-07 4.10E-04 9.01E-08 1.20E-08 1.70E-02 1.322
3 B-16-01 07CBD1 8/23/2017 4.01E-08 1.74E-07 3.09E-04 6.98E-08 9.85E-09 1.27E-02 0.972
4 B-17-02 10CAC1 8/22/2017 4.09E-08 1.79E-07 3.14E-04 6.56E-08 9.04E-09 1.24E-02 1.604
5 B-17-02S04DBC3 8/5/2015 2.75E-07 1.75E-07 3.12E-04 7.23E-08 1.03E-08 1.22E-02 0.221
6 B-17-02 03BBB1 7/1/2014 9.81E-07 1.72E-07 3.03E-04 6.90E-08 9.29E-09 1.07E-02 0.154
7 B-18-02 28AAB1 8/22/2017 5.05E-05 1.85E-07 3.21E-04 7.08E-08 9.92E-09 -- 0.111
8 B-19-04 10CCB2 6/27/2012 2.44E-05 1.36E-07 2.97E-04 5.10E-08 6.37E-09 1.82E-02 0.126
8 B-19-04 10CCB2 6/5/2013 1.16E-04 1.36E-07 3.68E-04 6.56E-08 8.94E-09 2.96E-02 0.092
9 B-19-04 10AAC 7/2/2014 6.49E-08 2.14E-07 3.40E-04 7.47E-08 1.02E-08 1.25E-02 0.912
10 B-19-04 05ABA1 8/6/2015 1.90E-05 1.98E-07 3.10E-04 6.64E-08 9.13E-09 1.17E-02 0.124
11 B-20-04 33CBD2 6/13/2012 4.71E-08 2.02E-07 2.41E-04 5.08E-08 6.21E-09 1.33E-02 1.088

Carbonate aquifer

12 B-17-02 12CBD1 2/20/2018 1.16E-05 1.84E-07 3.09E-04 6.57E-08 9.10E-09 1.25E-02 0.052
13 B-18-01 31CCC1 2/21/2018 8.68E-06 2.07E-07 3.16E-04 6.46E-08 8.56E-09 -- 0.095
13 B-18-01 31CCC1 2/21/2018 6.23E-06 1.92E-07 3.02E-04 6.30E-08 8.40E-09 1.26E-02 0.091
14 B-18-02 35ABA1 6/8/2017 1.75E-05 1.56E-07 2.84E-04 6.33E-08 8.90E-09 -- 0.112
15 B-18-03 26BDD2 4/29/2018 3.19E-05 2.04E-07 3.49E-04 7.41E-08 1.02E-08 1.40E-02 0.098
16 B-18-02 26BBC1 8/23/2017 2.04E-05 1.59E-07 2.78E-04 6.15E-08 8.78E-09 -- 0.102
17 B-18-01 19ADC1 4/29/2018 5.00E-06 1.77E-07 2.89E-04 6.13E-08 8.34E-09 -- 0.084
18 B-18-02 21BAB1 7/1/2014 6.79E-05 2.00E-07 3.37E-04 7.66E-08 9.54E-09 8.03E-03 0.106
19 B-18-04 01ABD1 6/13/2018 2.83E-04 1.63E-07 3.77E-04 6.63E-08 9.00E-09 -- 0.069
20 B-20-03 11AAC1 6/25/2018 4.48E-04 1.63E-07 3.66E-04 5.82E-08 7.87E-09 -- 0.058

Springs

21 B-17-02 12CCA2 6/6/2017 7.68E-06 1.62E-07 2.90E-04 6.60E-08 9.02E-09 1.05E-02 0.123
21 B-17-02 12CCA2 6/11/2018 8.06E-06 1.76E-07 3.10E-04 6.65E-08 9.12E-09 1.25E-02 0.093
22 B-17-02 12CAC1 6/6/2017 5.35E-06 1.44E-07 2.64E-04 6.02E-08 8.00E-09 -- 0.121
22 B-17-02 12CAC1 6/11/2018 1.40E-05 1.61E-07 2.86E-04 6.25E-08 8.70E-09 -- 0.068
23 B-16-05 06SBBC 6/27/2011 9.67E-08 1.90E-07 3.22E-04 7.69E-08 1.10E-08 1.31E-02 0.524
24 A-17-01 07AAA UNSURV 6/27/2011 6.26E-08 1.69E-07 2.79E-04 6.34E-08 8.64E-09 1.02E-02 0.718
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Table 6. Noble gas recharge elevation and temperature for groundwater samples collected in the study area.

[Dates shown as month, day, year. Elevation is reported in feet above the North American Vertical Datum of 1988. ft, foot; °C, degrees Celsius; Ae, concentration of air trapped as water table rises; ccSTP/g, 
cubic centimeters at standard temperature and pressure per gram of water; F, fractionation factor-degree to which the atmospheric gases become fractionated during dissolution; EA, excess air; Chi2, chi-squared 
statistic]

Site 
number

Site 
name

Sample 
date

Site 
elevation 

(ft)

Recharge 
elevation 

(ft)

Recharge 
temperature 

(°C)

Ae 
(ccSTP/g)

F 
(unitless)

EA 
(ccSTP/g)

Chi2

1 B-16-04 14CCB1 8/24/2017 4,630 8,940 4.5 0.0489 0.40 0.0138 0.08
2 B-16-03 17BBD1 7/2/2014 4,680 8,694 5.2 0.0155 0.24 0.0097 0.69
3 B-16-01 07CBD1 8/23/2017 4,665 5,512 13.1 0.0253 0.88 0.0013 0.06
5 B-17-02S04DBC3 8/5/2015 4,362 6,644 10.3 0.0075 0.77 0.0013 0.02
6 B-17-02 03BBB1 7/1/2014 4,395 4,364 16.1 0.1548 0.94 0.0010 0.22
7 B-18-02 28AAB1 8/22/2017 4,505 4,921 14.7 0.0534 0.84 0.0022 0.23
9 B-19-04 10AAC 7/2/2014 4,563 5,512 13.1 0.0189 0.63 0.0041 0.01

110 B-19-04 05ABA1 8/6/2015 4,574 4,495 17.2 0.0134 0.68 0.0028 0.22
112 B-17-02 12CBD1 2/20/2018 4,463 3,937 18.6 0.0463 0.85 0.0020 1.52
114 B-18-02 35ABA1 6/8/2017 4,580 4,495 16.8 0.5000 1.00 0.0000 2.08
15 B-18-03 26BDD2 4/29/2018 4,405 4,364 16.0 0.0837 0.77 0.0040 0.98

116 B-18-02 26BBC1 8/23/2017 4,565 3,937 18.5 0.0000 1.00 0.0000 1.56
118 B-18-02 21BAB1 7/1/2014 4,595 4,167 18.1 0.1877 0.79 0.0039 1.74
21 B-17-02 12CCA2 6/6/2017 4,240 4,199 16.1 0.5000 1.00 0.0000 0.54

121 B-17-02 12CCA2 6/11/2018 4,240 4,560 17.0 0.0997 0.89 0.0017 1.85
122 B-17-02 12CAC1 6/11/2018 4,240 4,495 17.2 0.0939 0.98 0.0002 1.28
23 B-16-05 06SBBC 6/27/2011 5,570 8,005 6.9 0.0020 0.00 0.0020 0.40

124 A-17-01 07AAA UNSURV 6/27/2011 4,055 3,937 18.4 0.0004 0.00 0.0004 0.21

1For this site, the lowest elevation recharge solution is above the temperature lapse rate + 1.5 degrees Celsius (Ta+1.5) line and values are reported for crossing of the Ta+3 line.
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Figure 14. Noble gas recharge elevation and temperature for groundwater samples relative to the 
temperature lapse rate.

Table 7. Apparent age of fraction of young tritiated water sampled in the study area.

[Dates shown as month, day, year. Age determinations assume a terrigenic helium (He) value of 2E-08. pCi/L, picocuries per liter; TU, tritium units; 3Hetrit, 
tritiogenic helium]

Site 
number

Site 
name

Sample 
date

Tritium 
(pCi/L)

Tritium 
(TU)

3Hetrit 
(TU)

Apparent 
age 

(years)

Initial 
tritium 

(TU)

Basin-fill aquifer

1 B-16-04 14CCB1 8/24/2017 5 1.55 8.25 32.8 9.80
2 B-16-03 17BBD1 7/2/2014 11.4 3.55 13.05 27.4 16.60
4 B-17-02 10CAC1 8/22/2017 5.79 1.80 12.75 37.1 14.55
5 B-17-02S04DBC3 8/5/2015 0.29 0.09 9.46 82.9 9.55
9 B-19-04 10AAC 7/2/2014 2.5 0.78 4.74 34.8 5.52

Springs

23 B-16-05 06SBBC 6/27/2011 2.6 0.80 2.99 27.7 3.79
24 A-17-01 07AAA UN-

SURV
6/27/2011 2.6 0.80 2.48 25.1 3.28
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Table 8. Radiocarbon and tritium groundwater age dating data.

[pCi/L, picocuries per liter; 14C, carbon-14; pmc, percent modern carbon; pM, normalized percent modern carbon; B.P., before present; R, radiochemistry nondetect; --, not applicable; ND, not determined. For 
minimum and maximum age, -18 and -12 indicate the per mil value of soil gas used in radiocarbon age calculation]

Site 
number

Site name
Sample 

date
Tritium 
(pCi/L)

Denormalized 
14C 

(pmc)

Normalized 
14C 

(pM)

14C error 
(pM)

δ13C 
(per mil)

Minimum corrected 
age (−18) 

(years B.P.)

Maximum corrected 
age (−12) 

(years B.P.)

Basin-fill aquifer

1 B-16-04 14CCB1 8/24/2017 5 97.05 95.67 0.2 −14.03 -- --
2 B-16-03 17BBD1 7/2/2014 11.4 88.51 86.79 0.2 −11.56 -- --
3 B-16-01 07CBD1 8/23/2017 1.69 69.66 67.98 0.19 −9 -- --
4 B-17-02 10CAC1 8/22/2017 5.79 98.81 96.91 0.19 −11.51 -- --
5 B-17-02S04DBC3 8/5/2015 0.29 9.22 9.01 0.11 −9.81 13,293 17,233
6 B-17-02 03BBB1 7/1/2014 2.1 56.27 54.88 0.17 −8.94 -- --
7 B-18-02 28AAB1 8/22/2017 R −0.17 18.65 18.11 0.09 −6.44 1,574 5,714
8 B-19-04 10CCB2 6/27/2012 R 0.61 4.24 4.1 0.11 −5.01 10,607 14,609
9 B-19-04 10AAC 7/2/2014 2.5 54.08 52.65 0.14 −8.04 -- --
10 B-19-04 05ABA1 8/6/2015 0.58 21.10 20.53 0.13 −7.71 3,547 7,476
11 B-20-04 33CBD2 6/13/2012 1.8 96.20 93.87 0.24 −9.25 -- --

Carbonate aquifer

12 B-17-02 12CBD1 2/20/2018 0.51 33.99 33.07 0.11 −7.45 -- 3,056
13 B-18-01 31CCC1 2/21/2018 R 0.03 19.26 18.69 0.08 −6.2 1,148 5,153
14 B-18-02 35ABA1 6/8/2017 R −0.10 18.91 18.35 0.09 −6.18 1,216 5,294
15 B-18-03 26BDD2 4/29/2018 0.16 38.17 37.17 0.13 −7.85 -- 2,790
16 B-18-02 26BBC1 8/23/2017 R −0.20 18.38 17.84 0.1 −6.24 1,276 5,417
17 B-18-01 19ADC1 4/29/2018 R−0.11 20.67 20.06 0.09 −6.13 576 4,531
18 B-18-02 21BAB1 7/1/2014 0.06 16.73 16.23 0.08 −6.23 1,924 6,112
19 B-18-04 01ABD1 6/13/2018 R 0.04 4.75 4.6 0.06 −5.17 8,474 12,785
20 B-20-03 11AAC1 6/25/2018 0.2 0.55 0.53 0.05 −6.6 30,598 34,648

Springs

21 B-17-02 12CCA2 6/6/2017 0.26 33.18 32.28 0.11 −7.45 -- 3,231
21 B-17-02 12CCA2 6/11/2018 R 0.15 33.50 32.6 0.14 −7.53 -- 3,310
22 B-17-02 12CAC1 6/6/2017 0.47 22.48 21.82 0.1 −6.25 -- 3,997
22 B-17-02 12CAC1 6/11/2018 R 0.05 22.83 22.17 0.12 −6.5 414 4,424
23 B-16-05 06SBBC 6/27/2011 2.6 81.10 80.1 0.3 −15.3 ND ND
24 A-17-01 07AAA UN-

SURV
6/27/2011 2.6 40.26 39.2 0.2 −8.2 ND ND
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elevations than today (Anderson and others, 2000), which 
could make the input δ13C of soil gas for recharge waters more 
negative compared to present day vegetation.

A group of three groundwater samples have corrected 
radiocarbon ages ranging from 17,233 to 8,474 years B.P., 
which includes a deep well completed in basalt basin-fill 
aquifer (site 8) near Big Chino Water Ranch, a deep well com-
pleted in the carbonate aquifer along Big Chino Wash near the 
Walnut Creek confluence (site 19), and a piezometer (site 5) 
in the basin-fill near where Big Chino Wash flows under State 
Highway 89 (figs. 4 and 16).

A deep well completed in the basin-fill aquifer near the 
Big Chino Water Ranch (site 10, fig. 4) had groundwater 
ranging from 7,476 to 3,547 years B.P. Another group of 
six groundwater samples with a radiocarbon age range from 
6,112 to 576 years B.P. is located in northern Paulden and to 
the north of the UVS. The UVS (sites 21 and 22), a carbonate 
aquifer well (site 12) located just north of the gaining reach of 
the Upper Verde River, and a well completed in the carbon-
ate aquifer (site 15) below the basin-fill of Big Chino Wash 
located to the west of Paulden, all plotted near or within the 

zero-age area when using −18 per mil for δ13C of soil gas and 
to the left of the zero-age area when using −12 per mil for 
δ13C of soil gas, resulting in corrected radiocarbon ages of 
4,424 to 2,790 years B.P.

Multivariate Analysis

Multiple iterations of constituents were computed for 
multivariate statistics to determine the variation between 
groundwater at different sites when including different ana-
lytes. Duff Spring (site 24) and Cabin Spring (site 23) did not 
have a complete geochemical analysis suite and were excluded 
from the multivariate analysis. The following properties and 
constituents were included in the NMDS analysis: water tem-
perature, pH, specific conductance, calcium, sodium, bicar-
bonate, fluoride, arsenic, tritium, and δ18O. The NMDS had a 
stress of 0.059, indicating a fair fit with no real prospect for 
misleading interpretation, and was close to the 0.05 thresh-
old for good fit (Clarke and others, 2014, p. 5–6). Generally, 
the samples from the basin-fill aquifer were distinct from the 
samples from the carbonate aquifer on the primary NMDS 
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axis, with pH, tritium, and δ18O separating the basin-fill 
samples (fig. 17). Carbonate groundwater samples generally 
were distinct from the basin-fill samples because of water 
temperature, specific conductance, calcium, sodium, bicarbon-
ate, fluoride, and arsenic. Two basin-fill groundwater samples 
(sites 7 and 8) plotted in the same region as the carbonate 
samples. These two basin-fill samples may have groundwater 
that has interacted with carbonate upgradient of the well along 
its flow path from the recharge source. Samples from the UVS 
(UVS South [site 21] and Greenbie Pool [site 22]) plot near 
the center of the NMDS graph.

A cluster analysis was computed for samples and con-
stituents from the NMDS. The Calinski criterion indicates 
that two is the significant number of groups for the dataset. 
The cluster analysis separates all carbonate aquifer, spring, 
and two basin-fill aquifer samples into one group and the rest 
of the basin-fill aquifer samples into another group. Samples 
from sites 8 and 20 are most dissimilar from the other samples 
in the first group—site 8 for elevated fluoride and site 20 for 

elevated calcium. Samples from UVS (UVS South [site 21] 
and Greenbie Pool [site 22]) are most similar to samples from 
sites 12, 13, 14, 15, and 17 (fig. 18).

Comparison with Previous Studies

Previous USGS studies by Wirt and others (2005c) and 
Blasch and others (2006) collected water-quality samples from 
the study area presented in this report using similar collection 
procedures and analytical methods. To our knowledge, only 
one well (site 4) sampled in this study was included in Blasch 
and others (2006); and some springs Cabin and Duff (sites 23 
and 24) from Wirt and others (2005c) were resampled in this 
study. Additionally, some wells sampled as part of this study 
were screened in the same aquifer and located nearby previ-
ously sampled wells from Wirt and others (2005c). A compari-
son of the water chemistry results in this study and previous 
studies at identical or similar sites is presented in table 9. The 
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similarity of results in this study and the previous studies indi-
cates water-quality changes are not substantial in the system 
near the locations presented in table 9.

The aquifer characterization presented in Wirt and others 
(2005c) was re-evaluated to understand the categorization 
of aquifers. The driller’s log for well F (B–17–02 02CAC), 
which was not resampled for this study, indicates that the well 
is presumably completed in volcanic rock, although Wirt and 
others (2005c) groups it with the carbonate aquifer underlying 
the Big Chino basin-fill aquifer (Devonian-Cambrian zone). 
The water chemistry of well F is more similar to that of wells 
completed in basin-fill from this study (lower specific conduc-
tance, lower arsenic concentration, and less negative stable 
isotopes). Additionally, one well from Wirt and others (2005c) 
in the carbonate aquifer (B-18-02 27CDA with a common 
name of LS-12) underlying the Big Chino basin-fill aquifer 
(Devonian-Cambrian zone) group is 3,010 ft deep, whereas 
the other wells assigned to the Devonian-Cambrian zone range 
from 285 to 480 ft deep without large changes in land surface 
elevation between the sites. Of the wells in Wirt and others 
(2005c) in the 285 to 480 ft range, well H (B–18–02 21ACB) 
and well C–11 (B–18–02 27CBA) have limestone documented 
in the driller’s log at the bottom of the well, but the other wells 
characterized as carbonate aquifer do not have associated 
driller’s logs and are located near wells that are completed in 
basin-fill at similar depths.

Groundwater Evolution

The youngest water in the study area is located in 
basin-fill aquifers in the southern part of the study area along 
Williamson Valley Wash and near Granite Creek. The oldest 
water in the study area is generally located in deep carbonate 
aquifer wells. Site 20 groundwater has the oldest radiocar-
bon age, greater than 30,000 years B.P. (table 8), and (1) a 
distinctly more radiogenic strontium isotopic ratio value than 
that of groundwater at other sites, (2) a sodium-bicarbonate 
groundwater type, and (3) a depleted stable isotopic value 
similar to that of water from Cabin Spring (site 23), which is 
located at a similarly high elevation (5,290 ft for well versus 
5,570 ft for spring) in the Santa Maria Mountains. The water 
chemistry of this old groundwater is unique in the study area 
and does not seem to have a strong influence on the water 
chemistry at other wells in the study area. Additionally, there 
is a groundwater divide between water flowing north to the 
Grand Canyon and south to the Verde River that is not well 
defined near this site. Old groundwater is also present in car-
bonate wells (and one basin-fill well) in northern Paulden and 
north of the UVS.

Site 15 was the first well known to be completed in the 
Paleozoic carbonate aquifer below the basin-fill of Big Chino 
Valley downgradient from Walnut Creek and upgradient from 
Paulden. Site 19 represents groundwater in the Paleozoic car-
bonate aquifer below the basin-fill of Walnut Creek drainage 
and has an older groundwater age (about 13,000 to 8,000 years 

B.P.) compared with site 15 (about 2,800 years B.P.), which 
indicates an input of water with a younger age near or down-
gradient from Walnut Creek. The stable isotopic signature 
between the two wells changes from −10.93 and −80.9 per mil 
to −10.48 and −76.1 per mil for δ18O and δ2H, respectively, 
indicating the additional source of water may be from a lower 
elevation. The water at the downgradient well (site 15) has a 
lower strontium concentration, isotopic ratio, total dissolved 
solids concentration (primarily driven by a decrease in major 
ions except calcium and magnesium, which stayed at a similar 
concentration), and arsenic concentration. Tritium for both 
sites was below the detection limit, which indicates the con-
tributing water was primarily recharged before 1952.

The basin-fill thickness is deepest to the northwest in Big 
Chino Valley parallel to the Big Chino Fault (Langenheim 
and others, 2005c). The basin-fill thickness decreases down-
gradient of site 19 (Langenheim and others, 2005c), which 
may explain the discontinuity of water chemistry between 
the two wells (sites 15 and 19). Additionally, there is a major 
magnetic lineament that corresponds with a surface fault scarp 
near the confluence of Walnut Creek and Big Chino Wash 
(Langenheim and others, 2005c; Pearthree and Ferguson, 
2012). The groundwater at site 19 may be pooling at a sub-
surface offset and represents an isolated reservoir of water 
compared with water in the carbonate downgradient in Big 
Chino Valley at site 15. An additional well completed in the 
same Paleozoic carbonate aquifer upgradient and downgradi-
ent from Walnut Creek would provide the means needed to 
make a valuable comparison of groundwater evolution along 
a flow path to better understand groundwater travel time and 
potential for mixing of groundwater from other sources.

Site 5 is located just upgradient from where the basin-
fill pinches out just upstream from the Verde River flowing 
through a constricted basalt canyon to the east of highway 89 
(fig. 19). The groundwater at site 5 is old, based on radio-
carbon dating, and may represent water in the basin-fill that 
has traveled through the subsurface along Big Chino Valley 
for a long time, assuming that the recharge water originated 
only farther upgradient in the basin. If additional sources of 
recharge to the basin-fill aquifer exist in Big Chino Valley 
along the flow path to site 5, then the water at this site would 
likely reflect a younger age.

Sampling for an extensive suite of geochemical analytes 
between the basin-fill sites near Big Chino Water Ranch (sites 
8, 9, 10, and 11) and sites near Paulden would help clarify the 
evolution of water in the basin-fill. Although not sampled for 
this study, there are four wells completed in basin-fill along 
Big Chino Wash that were sampled for carbon-14, tritium, 
and stable isotopic values by Wirt and others (2005c). These 
samples can provide some context for groundwater evolu-
tion through the basin-fill aquifer. The wells are named B, 
C, D, and E in Wirt and DeWitt (2005), and their letter order 
increases downgradient along the basin, with well B closest to 
Big Chino Water Ranch and well E closest to Paulden. Wells B 
through D have similar carbon-14 values, ranging from 21 to 
29.8 pmc, and well E has a substantially higher carbon-14 
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Table 9. Groundwater chemistry comparison between this study and previous studies (Wirt and others, 2005c; Blasch and others, 2006).

[Shading indicates the same site was sampled in this study and a previous study by the U.S. Geological Survey. μS/cm at 25 °C, microsiemens per centimeter at 25 degrees Celsius; As, arsenic; μg/L, micro-
grams per liter; pmc, percent modern carbon; NA, not available]

Site 
number 

(this 
study)

Site name 
(Wirt and others, 

2005c, unless 
otherwise 
indicated)

Specific 
conductance 

(μs/cm 
at 25°C)

As 
concentration 

(μg/L)

Carbon-14 
(pmc)

δ13C 
(per mil)

δ18O 
(per mil)

δ2H 
(per mil)

This 
study

Previous 
study

This 
study

Previous 
study

This 
study

Previous 
study

This 
study

Previous 
study

This 
study

Previous 
study

This 
study

Previous 
study

14 2B-17-02 10CAC 570 548 5 5.1 96.91 NA −11.51 NA −8.76 −8.81 −64.6 −66.3
6 B-17-02 04DDC 

(Well E)
420 386 10.7 NA 54.88 54.7 −8.94 −8.2 −10.06 −10.3 −72.9 −73

7 B-18-02 28BAB 868 699 48.6 37 18.11 NA −6.44 NA −10.44 −10.1 −75.8 −74
9 B-19-04 04BDB 

(Well A)
578 476 2.7 1 52.65 55 −8.04 −9.1 −9.87 −10 −73.3 −72

18 B-18-02 21ACB 
(Well H)

929 903 60.3 NA 16.23 18 −6.23 −5.6 −10.54 −10.7 −77.2 −77

123 B-16-05 06SBBC 
[Cabin Spring]

347 358–364 NA NA 80.1 NA −15.3 −12 −11.3 −10.5 to 
−11.2

−78 −74.7 to 
−78.6

124 A-17-01 07AAA 
UNSURV [Duff 
Spring]

416 404–442 NA 41 39.2 NA −8.2 −8.2 −9.2 −9.2 to 
−9.3

−70 −67 to 
−70.5

1The same site was sampled in this study and a previous study by the U.S. Geological Survey.
2Blasch and others (2006).



Geochem
ical Analysis of W

ater Resources in the Big Chino Subbasin 
 

35

Paulden

89

21 22

23

24

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!!!

!
!

!

!

1 2
3

45

6

7

8
9

10
11

12

13
1415

16
17

18

19

20

21 22

23

24

Walnut Creek

Williamson 
Valley Wash

Stringtown 
Wash

-112°25'-112°35'-112°45'

35°05'

34°55'

34°45'

A

A'

Verde River 
near 

Paulden, Ariz.
Wa

sh

Va
lle

y

Willi
am

son

NORTH AMERICAN VERTICAL DATUM OF 1988
VERTICAL EXAGGERATION 7X

#

#

#

#

Big Chino Wash

Hell CanyonWalnut Creek

Granite Creek

Verde River

21

0 1 2 MILES

0 1 2 KILOMETERS

EXPLANATION

Volcanic rocks (Tertiary)

Basement rocks (Proterozoic)

Redwall Limestone and Martin Formation, 
    undivided (Mississippian to Middle? 
    Devonian)

Bright Angel Shale and Tapeats Sandstone 
    of Tonto Group, undivided (Middle and 
    Lower Cambrian)

Basin-fill (Quaternary)—Unconsolidated 
    sediment

Basin-fill (Tertiary)—Unconsolidated 
    sediment 

Geologic unit contact—Location 
    inferred between known well logs 
    and geophysical sections

Fault—Location inferred. Arrows show 
    relative movement

Line of section

Geophysical cross section from Macy 
    and others (2019)

NS4

A'AQbf

Qbf

Tv

Tv

Tbf

Tbf

MDrm

MDrm

Qbf

Tbf

MDrm

XY

XY

�bt

0 3 6 MILES

0 3 6 KILOMETERS

21

3

14

21

Surface-water sampling site and name

Well and site number—Site name 
    provided in table 1

Groundwater sampling site and number
    —Site number color denotes source. 
    Site names provided in table 1

Basin-fill aquifer

Carbonate aquifer

Spring

#

!

!

!

!

15

9,362

3,937

Elevation, in feet above North American 
    Vertical Datum of 1988

B
ig

 C
hi

no
 W

as
h

W
ill

ia
m

so
n

Va
lle

y 
W

as
h

W
ill

ia
m

so
n 

Va
lle

y 
W

as
h

N
S4

SE
CT

IO
N

15 5 4 12

�bt

19

2,500

3,500

3,000

4,000

4,500

FEET

Po
te

nt
ia

l f
au

lts
 to

 d
is

pl
ac

e 
M

ar
tin

 F
m

 to
 s

ur
fa

ce

A'A

Base from U.S. Geological Survey shaded relief 
1/3 arc-second digital elevation model
North American Datum of 1983

Figure 19. Generalized geologic cross section A–A’ between wells 19 and 12 utilizing driller’s logs and geophysical survey (NS4) from Macy and others (2019) and geologic 
information from DeWitt and others (2008). Abbreviated geologic names simplified from DeWitt and others (2008).



36  Geochemical Assessment of Groundwater in the Big Chino Subbasin, Arizona, 2011–18

value of 54.7 pmc. There is an increase in δ13C from wells B 
through D (−8.5 to −5.5 per mil), followed by a decrease at 
well E (−8.2 per mil). Tritium is fairly similar for wells B, D, 
and E, ranging from 1.1 to 1.3 tritium units (TU), with uncer-
tainties ranging from 0.4 to 0.6 TU. Well C has a lower tritium 
value of 0.5 TU, with an uncertainty of 0.6 TU. The age of the 
basin-fill waters from Wirt and DeWitt (2005) indicates similar 
inputs of modern water throughout the basin-fill and a minor 
component of modern water present at these sites. The stable 
isotopic values of the samples decrease from wells B through 
D (−9.6 to −10.2 for δ18O and −70 to −75 for δ2H) and then 
remain fairly similar at well E (−10.3 for δ18O) with a slight 
increase in δ2H (−73). The differences in stable isotopic values 
seem to indicate input from sources with different recharge 
elevations or seasonality as the water moves downgradient in 
the basin-fill aquifer beneath Big Chino Valley.

Sites 4 and 6 are also in the basin-fill just south and north 
of site 5, respectively (fig. 15), and have higher values of 
tritium and carbon-14, which indicates a contribution of water 
recharged after 1952. Sites 4, 5, and 6 have general geochemi-
cal characteristics similar to other basin-fill samples, including 
lower concentrations of arsenic and a lower strontium isotopic 
ratio. Site 5 has noble gas concentrations indicating a higher 
recharge elevation compared to sites 4 and 6; however, the 
stable isotopic values are very similar to those at site 6. Sites 5 
and 6 have R/Ra values indicating a crustal source of helium, 
whereas site 4 has an atmospheric source. There may be vari-
ability within the basin-fill aquifer that is driven by permeabil-
ity, and additional sampling density would provide valuable 
knowledge about the system. Groundwater at site 6 has similar 
major ion chemistry, arsenic, radiocarbon, and stable isotopic 
values compared to those for well E from Wirt and DeWitt 
(2005), which was presented as an integrator of basin-fill 
chemistry.

The chemistry of the water at the UVS (sites 21 and 22) 
discharging to a gaining reach of the Verde River represents 
the evolution and mixing of waters upgradient from the sites. 
Site 21 (UVS South) discharges on the south side of the Verde 
River, and site 22 (Greenbie Pool) discharges on the north 
side. The specific contribution of water to the UVS would 
require additional samples in the system and geochemical 
modeling outside the scope of this report. The holistic chemis-
try of the UVS is presented and then compared with upgradi-
ent groundwaters from this study.

Sites 21 and 22 had mixed cation-bicarbonate type water 
chemistry, low tritium (0.26 and 0.47 pCi/L in 2017 and 
non-detect in 2018), and a crustal source of He. Other chemi-
cal parameters were slightly different between the two sites 
(table 10). Site 21 groundwater had lower specific conduc-
tance (618 to 625 microsiemens per centimeter at 25 degrees 
Celsius [µS/cm at 25 °C]) compared with site 22 ground-
water (764 to 810 µS/cm) (table 10). Arsenic was lower at 
site 21 (20.5 to 23 µg/L) compared with site 22 (37.9 to 43.8 
µg/L). The radiocarbon age was about 3,300 to 3,200 years 
B.P. for site 21 and slightly older at site 22 (about 4,400 to 
4,000 years B.P.) and a δ13C range of −7.45 to −7.53 at site 

21 and slightly higher δ13C range at site 22 (−6.25 to −6.5 
per mil). Strontium concentration was similar between sites 
21 and 22 and increased between the two sampling events 
from 340 to 379 µg/L at site 21 and from 300 to 334 µg/L at 
site 22. Strontium isotopic values at site 21 were 0.71022 to 
0.71024 and slightly higher at site 22 (0.71094 to 0.71095). 
Stable isotopic values for δ18O were −10.2 to −10.24 at site 21 
and lower (−10.33 and −10.32) at site 22; those for δ2H were 
−74.5 to −74.8 at site 21 and lower at site 22 (−75.5 to −76 per 
mil). These differences between 21 and 22 indicate slightly 
older water originating from a higher elevation at site 22 that 
has interacted with different rock units.

Site 15, located in the carbonate aquifer beneath the 
basin-fill, had mixed cation-bicarbonate type water chemis-
try, lower specific conductance (593 µS/cm) than the UVS, 
a radiocarbon age of about 2,800 years B.P., a δ13C value of 
−7.85 per mil, low tritium (0.16 pCi/L), a strontium con-
centration of 300 µg/L, strontium isotopic value of 0.71101, 
and stable isotopic values of −10.48 and −76.1 per mil for 
δ18O and δ2H, respectively (table 10). Groundwater at site 15 
would need to move through the subsurface for an appreciable 
distance to reach the UVS and would be expected to become 
older as it evolved through the system. The UVS water is 
slightly older (about 3,300 to 3,200 and 4,400 to 4,000 years 
B.P. for sites 21 and 22, respectively) compared with site 15 
water. Physical properties of the subsurface would need to 
be known to calculate the travel time of water from site 15 
to the spring sites and could be explored in future studies 
to understand whether the system supports an evolution of 
the water between site 15 and sites 21 and 22 or whether an 
additional input of other water would be needed to explain the 
resultant chemistry.

Water from an observation well drilled in 2018 into the 
carbonate aquifer north of the UVS (site 12) has lower specific 
conductance (599 µS/cm) and similar chemistry to that of 
site 15 water, except for the stable isotopes, which have higher 
values at site 12 (table 10). Water at site 12 may represent 
another source of groundwater contributing to the Verde River 
in the gaining reach that was not located at a discrete sampling 
location at the time of the study (fig. 20).

The water chemistry between sites 13, 14, 16, and 18 in 
the carbonate unit north of the Verde River is similar, in terms 
of specific conductance (810 to 929 µS/cm), arsenic concen-
tration (37 to 60.3 µg/L), strontium concentration (280 to 
315 µg/L), strontium isotopic ratios (0.71121 to 0.71154), and 
groundwater age (about 6,100 to 5,200 years B.P.). The sites 
had low δ13C (−6.18 to −6.24 per mil), low stable isotopic 
ratios of −10.4 to −10.54 and −75.7 to −77.4 per mil for δ18O 
and δ2H, and very low or nondetectable tritium (table 10). 
The water chemistry at site 7 is similar to that of the four sites 
just discussed, and as mentioned earlier, the site is screened in 
the basin-fill but may have water moving from the carbonate 
unit beneath Big Black Mesa into the basin-fill near the edge 
of the basin-fill north of Paulden. The water chemistry of all 
five sites is generally more similar to that of site 22 compared 
with site 21, although the age of the water at site 22 is less 
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Table 10. Groundwater chemistry of springs discharging to the Verde River and select groundwater sites.

[Dates shown as month, day, year. Corrected groundwater age uses −12 per mil for δ13C soil gas, presented in table 8. μS/cm at 25 °C, microsiemens per centimeter at 25 degrees Celsius; μg/L, micrograms per 
liter; B.P., before present; pCi/L, picocuries per liter; NA, not applicable; MX, mixed cation; R, radiochemistry non-detect]

Site 
number

Sampling 
date

Specific 
conductance 

(μS/cm 
at 25 °C)

Water 
type

Arsenic 
concen- 
tration 
(μg/L)

Corrected 
ground- 

water age 
 (years B.P.)

δ13C 
(per mil)

Tritium 
(pCi/L)

Strontium 
concen-
tration 
(μg/L)

87Sr/86Sr 
(unitless)

δ18O 
(per mil)

δ2H 
(per mil)

Basin-fill aquifer

4 8/22/17 570 Ca/Mg-HCO3 5.0 NA −11.51 5.79 418 0.70904 −8.76 −64.6
5 8/5/15 260 MX-HCO3 8.1 17,233 −9.81 0.29 210 0.70948 −10.06 −73.0
6 7/1/14 420 MX-HCO3 10.7 NA −8.94 2.1 353 0.70964 −10.06 −72.9
7 8/22/17 868 MX-HCO3 48.6 5,714 −6.44 R −0.17 341 0.71097 −10.44 −75.8

Carbonate aquifer

12 2/20/18 599 MX-HCO3 18.7 3,056 −7.45 0.51 370 0.7101 −10.13 −74.2
13 2/21/18 821 MX-HCO3 37.0 5,153 −6.20 R 0.03 280 0.71128 −10.46 −75.7
14 6/8/17 810 MX-HCO3 51.2 5,294 −6.18 R −0.10 313 0.71121 −10.4 −76.6
15 4/29/18 593 MX-HCO3 19.6 2,790 −7.85 0.16 300 0.71101 −10.48 −76.1
16 8/23/17 851 MX-HCO3 58.8 5,417 −6.24 R −0.20 315 0.71138 −10.52 −77.4
17 4/29/18 709 MX-HCO3 15.7 4,531 −6.13 R −0.11 160 0.71098 −10.46 −77.4
18 7/1/14 929 MX-HCO3 60.3 6,112 −6.23 0.06 307 0.71154 −10.54 −77.2

Springs

21 6/6/17 625 MX-HCO3 23.0 3,231 −7.45 0.26 379 0.71022 −10.24 −74.5
21 6/11/18 618 MX-HCO3 20.5 3,310 −7.53 R 0.15 340 0.71024 −10.2 −74.8
22 6/6/17 810 MX-HCO3 43.8 3,997 −6.25 0.47 334 0.71094 −10.33 −76.0
22 6/11/18 764 MX-HCO3 37.9 4,424 −6.50 R 0.05 300 0.71095 −10.32 −75.5
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EXPLANATION
Discrete groundwater sampling location, 
    site number, and specific conductance, in 
    microsiemens per centimeter at 25 degrees 
    Celsius (µs/cm at 25° C)

Site number color indicates source     

Surface-water sampling location and 
    specific conductance, in µs/cm at 
    25° C. From Beisner and Jones (2019)
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than the other sites discussed here and indicates an additional 
contribution of younger water (on the order of thousands of 
years old- prior than the tritium pulse).

Site 17 is located slightly east of the four wells in the 
carbonate unit (sites 13, 14, 16, and 18, fig. 4) and compared 
with those sites, its water is slightly younger in age (similar 
to that of site 22), lower in arsenic concentration, lower in 
strontium concentration and strontium isotopic values, but 
similar in stable isotopic values (table 10). These differences in 
water chemistry at site 17 may indicate its water is upgradient 
and evolves as it moves through the subsurface toward other 
wells in the carbonate unit north of the Verde River, such as 
site 13. Alternatively, water at site 17 may represent water 
from a different source and flow path.

Basin-fill aquifer samples collected from sites 4 and 
6 near Paulden and the area where the basin-fill pinches 
out, have distinct chemistry compared with the previously 
discussed carbonate aquifer samples (table 10). Groundwater 
in the basin-fill aquifer could represent a component of 
water mixed with the groundwater in the carbonate aquifer at 
downgradient sites, but quantification of the component and 
ultimate fate of groundwater in the basin-fill aquifer could not 
be constrained with the information from this study.

Surface-Water Chemistry

Surface-water chemistry along the gaining reach of the 
Verde River below Granite Creek is assessed in this section. 
Stable isotopic values from the Verde River near Paulden, 
Ariz. and Williamson Valley Wash near Paulden, Ariz. 
streamgages are also assessed in this section for several years 
of data collection.

Spatial Variation of Water-Quality Properties in 
Verde River Below Granite Creek

Water-quality properties (water temperature, dissolved 
oxygen, pH, and specific conductance) were measured along 
the Verde River on June 13, 2018, by walking upstream from 
just below the confluence of Greenbie Pool (site 22) inflow to 
just below the confluence with Granite Creek. Location, time, 
and water-quality property values are published in Beisner and 
Jones (2019). Along the reach downstream from the Granite 
Creek confluence, specific conductance in the Verde River 
decreased northward, then increased eastward (fig. 20). Water 
temperature increased rapidly, then slowly increased follow-
ing the shift in flow direction of the Verde River. The pH also 
increased in accordance with the temperature, then decreased 
following the temperature stabilization. The specific conduc-
tance data indicate possible zones of influence from ground-
water inflows along this reach of the Verde River, specifically, 
three zones of groundwater input may exist, each with a 
distinct chemical signature, along the Verde River between 
its confluences with Granite Creek and the Greenbie Pool 
drainage inflow.

Spatial variability in Verde River discharge and water 
quality along the gaining reach was assessed in June 2000 
by Wirt (2005) and results from that study follow. Discharge 
increased by approximately 20 ft3/s in a 1-mi stretch of the 
Verde River downstream from the confluence with Granite 
Creek. Wirt (2005) found a similar decrease in specific 
conductance with distance downstream from Granite Creek, 
followed by an increase in specific conductance starting 920 ft 
downstream from Granite Creek. The specific conductance 
of the Verde River was also less than that of the discrete 
spring input locations. Specific conductance in the Verde 
River stabilized approximately 5,000 ft downstream from 
the Granite Creek confluence, remained stable farther down-
stream, and was comparable to the specific conductance 
measured at the Verde River near Paulden, Ariz. streamgage 
(09503700) (U.S. Geological Survey, 2019).

Water temperature increased rapidly with distance at the 
beginning of the gaining reach of the Verde River and then 
stabilized farther downstream. The pH also increased rapidly 
with the increase in temperature and decreased when the 
temperature reached a more consistent value. Stable isotopes 
(δ18O and δ2H) decreased rapidly in the first 1,700 ft of the 
gaining reach of the Verde River, then decreased slowly 
throughout the rest of the gaining reach. The reporting level 
for arsenic in the Verde River samples was <100 µg/L, 
so changes in arsenic along the stretch were not docu-
mented by Wirt (2005). Additional studies investigating 
the gaining reach of the Verde River would be valuable, 
and arsenic could serve as a useful tracer of changes in 
groundwater source.

General Water Chemistry at Verde River Near 
Paulden

The water-quality properties were measured at 
the USGS Verde River near Paulden, Ariz. streamgage 
(09503700) were collected in June of 2017 and 2018 
(U.S. Geological Survey, 2019). Water temperature 
was 22.3 °C and 24 °C, pH was 8.2 and 8.4, specific 
conductance was 648 and 642 µS/cm, and the dissolved 
oxygen concentration was 8.4 and 9.1 mg/L for 2017 
and 2018, respectively. Water type was mixed cation-
bicarbonate type water. Nutrient concentrations were 
low; ammonia as nitrogen (N) concentration was 0.02 to 
0.04 mg/L, nitrite as N concentration was 0.006 mg/L, 
nitrate as N concentration was 0.525 to 0.612 mg/L, and 
orthophosphate as phosphate concentration was 0.015 mg/L. 
Arsenic concentration at the Verde River near Paulden, Ariz. 
streamgage (09503700) was 27 and 26.1 µg/L in 2017 and 
2018, respectively. Strontium concentration was 290 µg/L 
and strontium isotopic ratio was 0.71016 in 2018, which is 
a slightly lower compared to the ratio at UVS discharging 
upgradient to the Verde River (sites 21 and 22, fig. 11). No 
aquatic life standards were exceeded for analytes measured 
at this site (table 2).
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Analysis of Stable Isotopes of Surface Water
Stable isotopes (δ18O and δ2H) have been measured 

on a regular basis at the Verde River near Paulden, Ariz. 
(09503700) from 2009 to 2019 (fig. 21). Samples were primar-
ily collected during base-flow conditions, but some samples 
are associated with elevated discharge events. Values ranged 
from −9.88 to −10.2 per mil and from −72 to −76.3 per mil 
for δ18O and δ2H, respectively, with an average and standard 
deviation of −10.04 ±0.08 and −73.8 ±0.93 for δ18O and δ2H, 
respectively. These values are similar to those for samples 
collected by the USGS prior to this study (−10 and −71.5 on 
July 3, 1991 [Wirt and Hjalmarson, 2000] and −10.05 and 
−73.2 on June 13, 2000 [Blasch and others, 2006]). All sam-
ples plot to the right of the GMWL, and the samples farthest 
from this line represent evaporated water (fig. 22).

A Mann-Kendall trend test for the stable isotope values 
from 59 samples collected between 2009 and 2019 had a 
test statistic (S) and tau value of 117 and 0.07 for δ18O and 

145 and 0.09 for δ2H, with associated p-values of 0.44 and 
0.34, respectively. The Mann-Kendall test results indicated 
no significant monotonic trend exists in stable isotope values 
between 2009 and 2019 at the Verde River near Paulden, Ariz. 
streamgage (09503700).

Stable isotope samples were collected at the Williamson 
Valley Wash near Paulden, Ariz. streamgage (09502800) 
during times of measurable discharge at the streamgage 
between 2016 and 2018 (fig. 23). Values ranged from −9.62 to 
−10.58 per mil and from −71.2 to −74.3 per mil for δ18O 
and δ2H, respectively. There was a decrease in δ18O with 
an increase in discharge in early 2017 and an increase in 
δ18O over time during a stable flow event in early 2018. The 
samples from the 2018 water year show a deviation from the 
meteoric water line, indicating potential evaporation (fig. 24). 
(A water year is the 12-month period from October 1 to 
September 30 of the following year and is designated by the 
calendar year in which it ends.)
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Arizona (streamgage 09503700) (U.S. Geological Survey, 2019).
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Beisner and others (2016).

Summary
Geochemical characterization of groundwater in the 

Big Chino subbasin of Arizona was conducted by the U.S. 
Geological Survey, in cooperation with the City of Prescott, 
the Town of Prescott Valley, and Salt River Project, to under-
stand groundwater evolution through the study area and the 
source of water to springs along the gaining reach of the Verde 
River just downstream from its confluence with Granite Creek. 
Samples were collected between 2011 and 2018 in ground-
water from basin-fill and carbonate aquifers and at selected 
springs, including two discrete springs discharging along the 
gaining reach of the Verde River.

Five newly installed monitoring wells completed in the 
carbonate aquifer were sampled in 2018 and include the first 
known geochemical data for carbonate groundwater beneath 
the basin-fill in the Big Chino subbasin downgradient from 
Walnut Creek near Paulden, Ariz., as well as for other areas in 
the study without previous data.

Groundwater samples were collected and analyzed for 
major ions, arsenic, nutrients, stable isotopes of oxygen and 
hydrogen (δ18O and (δ2H), strontium isotopes (87Sr/86Sr), 
carbon-14, stable isotope of carbon (δ13C), and noble gases. 
Samples were collected according to U.S. Geological Survey 
protocols. Radiocarbon age was determined using the revised 
Fontes and Garnier model in NETPATH using both −12 and 
−18 per mil for soil gas estimates.

Significant differences between groundwater in the basin-
fill and carbonate aquifers were driven primarily by higher pH, 
tritium, and δ18O and δ2H in the basin-fill aquifer samples and by 
higher values of specific conductance, calcium, sodium, bicar-
bonate, fluoride, and arsenic in the carbonate aquifer samples. 
All but one sample from the carbonate aquifer and two from the 
basin-fill aquifer exceeded the U.S. Environmental Protection 
Agency (EPA) drinking water standard for arsenic of 10 micro-
grams per liter. The two basin-fill samples with high arsenic had 
geochemical characteristics of water in the carbonate aquifer 
and may represent water that had moved through carbonate 
units before moving into basin-fill material. The source of the 
groundwater in contact with carbonate material is unknown, but 
could be groundwater within the mountain block adjacent to the 
basin-fill (such as Big Black Mesa and the Juniper Mountains). 
One sample from the basin-fill aquifer exceeded the EPA drink-
ing water standard for fluoride of 4 milligrams per liter and one 
sample from the carbonate aquifer exceeded the EPA secondary 
drinking water standard of 2 milligrams per liter.

Tritium provided an indication of groundwater with a 
component of modern water (recharged after the early 1950s). 
Groundwater with low values of tritium (<0.6 picocuries per 
liter) had carbon-14 values less than 40-percent modern car-
bon, while samples with higher values of tritium (>1.3 pico-
curies per liter) had carbon-14 values greater than 40-percent 
modern carbon. The youngest groundwater sampled for this 
study was located in the basin-fill near Williamson Valley and 
Granite Creek in the southern part of the study area.
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Old groundwater was present in the study area, with one 
sample potentially representing water from a previous climate 
(on the order of >30,000 years before present [B.P.] based on 
radiocarbon age). Three other sites with old groundwater in 
the study area ranged in age from about 17,200 to 8,500 years 
B.P. and included two samples from the basin-fill aquifer 
and one sample from the carbonate aquifer. Six groundwater 
samples had similar radiocarbon ages, with corrected values 
ranging from about 6,000 to 1,000 years old. Another group 
of groundwater samples—including the two springs dis-
charging along the gaining reach of the Verde River and two 
newly installed monitoring wells in the carbonate aquifer—
had radiocarbon ages that were unresolvable when using 
−18 per mil for soil gas and ages ranging from about 4,400 to 
2,800 years B.P. when using −12 per mil for soil gas.

Temperature, pH, and specific conductance varied with 
distance along the gaining reach of the Verde River, indicating 
multiple zones of groundwater input. These changes were also 
observed in a previous study conducted in 2000, which also 
included δ18O and δ2H analysis. Surface-water samples for δ18O 
and δ2H have been collected at the Verde River near Paulden, 
Ariz. streamgage (09503700) during discharge measurements 
made since 2009, and a trend analysis of the data indicated no 
significant trend exists for the 10-year period of record.

This study represents a geochemical analysis of ground-
water from specific locations collected between 2011 and 2018 
and will provide valuable information to compare with future 
groundwater chemistry data. Additional groundwater samples 
from the carbonate aquifer beneath the basin-fill up and down-
gradient from Walnut Creek would provide valuable informa-
tion to understand groundwater evolution along the Big Chino 
subbasin. Groundwater-sampling locations on Big Black Mesa 
are limited, and additional geochemical data from that area 
would also be beneficial.
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Appendix 1. Groundwater Geochemistry Data for Samples Collected by the 
U.S. Geological Survey from the Big Chino Subbasin Between 2011 and 2018

Appendix 1 is available as an Excel table and comma-
separated value (.csv) file, both of which may be downloaded 
at https://doi.org/ 10.3133/ sir20205094. The data in this 
appendix also are available from the U.S. Geological Survey 

(USGS) National Water Information System database (U.S. 
Geological Survey, 2019; https://doi.org/ 10.5066/ F7P55KJN) 
using the 15-digit numbers listed in the “USGS site number” 
column in appendix 1.

https://doi.org/10.3133/sir20205094
https://doi.org/10.5066/F7P55KJN
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