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FOREWORD

The mission of the U.S. Geological Survey (USGS) is to assess the quantity and quality of the earth

resources of the Nation and to provide information that will assist resource managers and policymakers at

Federal, State, and local levels in making sound decisions. Assessment of water-quality conditions and trends is
an important part of this overall mission.

One of the greatest challenges faced by water-resources scientists is acquiring reliable information that
will guide the use and protection of the Nation’s water resources. That challenge is being addressed by Federal,
State, interstate, and local water-resources agencies and by many academic institutions. These organizations are
collecting water-quality data for a host of purposes that include: compliance with permits and water-supply
standards; development of remediation plans for a specific contamination problem; operational decisions on
industrial, wastewater, or water-supply facilities; and research on factors that affect water quality. An additional
need for water-quality information is to provide a basis on which regional and national-level policy decisions
can be based. Wise decisions must be based on sound information. As a society we need to know whether
certain types of water-quality problems are isolated or ubiquitous, whether there are significant differences in
conditions among regions, whether the conditions are changing over time, and why these conditions change
from place to place and over time. The information can be used to help determine the efficacy of existing water-
quality policies and to help analysts determine the need for and likely consequences of new policies.

To address these needs, the Congress appropriated funds in 1986 for the USGS to begin a pilot program
in seven project areas to develop and refine the National Water-Quality Assessment (NAWQA) program. In
1991, the USGS began full implementation of the program. The NAWQA program builds upon an existing base
of water-quality studies of the USGS, as well as those of other Federal, State, and local agencies. The objectives
of the NAWQA program are to:

+» Describe current water-quality conditions for a large part of the Nation’s freshwater streams, rivers, and

aquifers.

» Describe how water quality is changing over time.
» Improve understanding of the primary natural and human factors that affect water-quality conditions.

This information will help support the development and evaluation of management, regulatory, and
monitoring decisions by other Federal, State, and local agencies to protect, use, and enhance water resources.

The goals of the NAWQA program are being achieved through ongoing and proposed investigations of
60 of the Nation’s most important river basins and aquifer systems, which are referred to as study units. These
study units are distributed throughout the Nation and cover a diversity of hydrogeologic settings. More than
two-thirds of the people served by public water-supply systems live within their boundaries.

National synthesis of data analysis, based on aggregation of comparable information obtained from the
study units, is a major component of the program. This effort focuses on selected water-quality topics using
nationally consistent information. Comparative studies will explain differences and similarities in observed
water-quality conditions among study areas and will identify changes and trends and their causes. The first
topics addressed by the national synthesis are pesticides, nutrients, volatile organic compounds, and aquatic
biology. Discussions on these and other water-quality topics will be published in periodic summaries of the
quality of the Nation’s ground and surface water as the information becomes available.

This report is an element of the comprehensive body of information developed as part of the NAWQA
program. The program depends heavily on the advice, cooperation, and information from many Federal, State,
interstate, Tribal, and local agencies and the public. The assistance and suggestions of all are greatly

appreciated.

Robert M. Hirsch
Chief Hydrologist
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Ground-Water Quality in the Sierra Vista Subbasin,
Arizona, 1996—97

By Alissa L. Coes, D.J. Gellenbeck, and Douglas C. Towne!

Abstract

Thirty-nine ground-water samples were collected and analyzed in 1996-97 by the U.S.
Geological Survey and the Arizona Department of Environmental Quality to assess ground-water
quality in the Sierra Vista subbasin in southern Arizona. The U.S. Environmental Protection
Agency primary maximum contaminant level and the State of Arizona aquifer water-quality
standard for fluoride and the U.S. Environmental Protection Agency secondary maximum
contaminant levels for fluoride, iron, manganese, pH, sulfate, and total dissolved solids were
exceeded in samples collected for this study. On the basis of statistical tests, significant variations
were identified between ground-water quality and well location, well depth, and aquifer type.
Significant differences were not identified between ground-water quality data and geology, land
use, or ground-water quality data collected during 1950-65. Temperature and pH values increased
and calcium concentrations decreased with increased well depth. Sodium, potassium, and fluoride
coneentrations in samples from the northern part of the subbasin were higher than concentrations
in samples from the southern part of the subbasin. Sodium and chloride concentrations in samples
from bedrock areas were higher than concentrations in samples from unconfined parts of the
basin-fill aquifer; sodium and fluoride concentrations in samples from confined parts of the
basin-fill aquifer in the St. David-Pomerene area were higher than concentrations in samples from
unconfined parts of the basin-fill aquifer. Geochemical reactions in the basin-fill deposits are
responsible for the concentrations of constituents that exceeded U.S. Environmental Protection
Agency primary and secondary maximum contaminant levels and State of Arizona aquifer
water-quality standards and the statistically significant variations of ground-water quality data in
relation to well location and aquifer type.

Quality-control samples collected and analyzed by the U.S. Geological Survey and the
Arizona Department of Environmental Quality generally verified that combining the
ground-water quality data collected by the two agencies for regional assessment was acceptable.
Statistically significant differences, however, were identified between quality-control samples
collected and analyzed by the two agencies for alkalinity, specific conductance, magnesium, and
potassium concentrations. Consideration of this variability was taken into account when
analyzing the data from this study.

INTRODUCTION development, but the population is expected to
increase substantially during the next several

The Sierra Vista subbasin (fig. 1) historically ~decades. Ground water is the primary source for
has been minimally affected by urban Municipal, domestic, livestock, and irrigation needs
in the subbasin. A projected 30-percent increase in

! Arizona Department of Environmental Quality, Phoenix, the population between 1990 and 2010 (Arizona
Arizona, Department of Water Resources, 1993) in the Upper
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average of 8.28 L/s/m for the flood-plain aquifer.
Specific-yield estimates range from 0.04 to 0.23
(Freethey, 1982).

The upper and lower units of the basin-fill
deposits are the major water-yielding units in the
Sierra Vista subbasin and constitute the basin-fill
aquifer. The basin-fill aquifer primarily is uncon-
fined, but confined conditions occur in the
Palominas-Hereford area and in the St. David-
Pomerene area (fig. 3). In the Palominas-Hereford
area, ground water is under pressure at depths of
about 60 m below the land surface; in the southern
part of the St. David-Pomerene area, ground water
generally is under pressure at depths greater than
60 m below the land surface; and in the northern
part of the St. David-Pomerene area, ground water
generally is under pressure at depths of 150 to
300 m below the land surface (Roeske and Werrell,
1973). Depth to water in the unconfined areas of
the basin-fill aquifer ranges from less than 10 m to
greater than 150 m (Arizona Department of Water
Resources, 1991).

Roeske and Werrell (1973) reported a
specific-capacity range of 0.207 to 8.28 L/s/m and
an average of 2.69 L/s/m for the basin-fill aquifer.
Specific-yield estimates range from 0.02 to 0.15 for
the unconfined parts of the basin-fill aquifer
(Harshbarger and Associates, 1974); storage
coefficients average 1x107 for the confined parts of
the basin-fill aquifer (Freethey, 1982). Trans-
missivity estimates for the basin-fill aquifer range
from 46.45 to 1,393.5 m%d (Harshbarger and
Associates, 1974).

The rocks of the mountains surrounding the
Sierra Vista subbasin store water where they are
jointed, fractured, or faulted. Springs are present in
most of the mountain ranges where these features
intersect the land surface. Wells finished in these
bedrock areas usually have low yields.

Recharge and Movemaent of Ground
Water

Recharge to the basin-fill aquifer primarily
occurs from infiltration of precipitation along the
mountain fronts at an estimated rate of 32 hrn3/yr
(Arizona Department of Water Resources, 1991).
A small quantity of streamflow also infiltrates
sediments in tributary channels. As a result of high

evaporation and low precipitation, direct
infiltration through the basin floor is considered
negligible (Freethey, 1982). Underflow to the
subbasin occurs east of the San Pedro River in the
flood-plain and the basin-fill aquifers across the
international boundary at an estimated rate
of 3.7 hm3/yr (Arizona Department of Water
Resources, 1991).

From the mountain-front recharge areas,
ground water in the basin-fill aquifer flows roughly
perpendicular to the San Pedro River. Along the
basin axis, a component of ground-water flow in the
basin-fill aquifer discharges to the flood-plain
aquifer, however, the predominant direction of flow
is northward, following the gradient of the river
channel. Ground water in the flood-plain aquifer
also flows northward, parallel to the river, and is
discharged to the San Pedro River at varying rates
throughout the year, depending on ground-water
gradients in the flood-plain aquifer (Arizona
Department of Water Resources, 1991). Where the
San Pedro River crosses the Tombstone Hills,
volcanic deposits restrict ground-water flow and
force ground water to the surface of the river
channel. As a result, little underflow occurs across
the subwatershed divide between the Sierra Vista
and Benson subwatersheds (Arizona Department of
Water Resources, 1991).

Exceptions to the regional ground-water flow
pattern exist locally near the Sierra Vista-Fort
Huachuca area. Extensive pumping from the
basin-fill aquifer in this area has resulted in a cone
of depression that is expanding in size (Arizona
Department of Water Resources, 1991). In 1990,
approximately 34.5 hm3/yr of ground water was
pumped from the basin-fill aquifer in the Sierra
Vista subbasin, (Arizona Department of Water
Resources, 1991).

METHODS OF INVESTIGATION

Ground-water samples were collected in the
Sierra Vista subbasin by the USGS and the ADEQ
and analyzed for physical and general mineral
characteristics, general mineral constituents,
nutrient constituents, and trace constituents
(table 1) to characterize ground-water quality. In
addition to the analyses listed in table 1, the USGS
analyzed ground-water samples for dissolved

8 Ground-Water Quality in the Sierra Vista Subbasin, Arizona, 1996-97

Table 1. Ground-water analyses by the U.S. Geological Survey and the Arizona Department of Environmental Quality,

Sierra Vista subbasin, Arizona, 1996-97

Physical General mineral General mineral Nutrient Trace
characteristics characleristics constituenis canstituents consiituents
Temperature Alkalinity Calcium Nitrite plus nitrate Aluminum
pH Total dissolved solids Magnesium Ammonia Antimony
Specific conductance Sodium Phosphorus Arsenic
Potassium Barium
Chloride Beryllium
Sulfate Cadmium
Chromium
Copper
Fluoride
Iron
Lead
Manganese
Selenium
Silver
Zinc

oxygen (field), turbidity (field), hardness, silica,
orthophosphorus, bromide, cobalt, molybdenum,
nickel, uranium, isotopes of oxygen and hydrogen,
radon, dissolved organic carbon, pesticides, and
volatile organic compounds (Tadayon and others,
1998); the ADEQ analyzed ground-water samples
for turbidity, phenol alkalinity, hardness, total
kjeldahl nitrogen, boron, mercury, and thallium.
The sampling efforts of the USGS and the ADEQ
were combined to increase the quantity of data
available for the joint study. Similar quality-
assurance procedures were used by the USGS and
the ADEQ. Individual and joint quality-control
samples were collected to ensure that the data could
be combined and analyzed as one data set.
Statistical methods were used to analyze variability
of ground-water characteristics and constituents
relative to well location, well depth, aquifer type,
geology, and land use, and to compare the data set
to historical data.

Selection of Historical Data (1950-65)

Historical ground-water quality data available
in the USGS water-quality data base— the National
Water Information System (NWIS)—for the Sierra
Vista subbasin were compared with ground-water
quality data collected during 199697 to identify
changes in water quality over time. To identify a
suitable set of historical data for comparison with
the data collected for this study, the number of
ground-water quality samples available in the

NWIS was compared to the year the samples were
collected (fig. 4). Data from samples collected
during 195065 were chosen for comparison with
the data collected for this study because this data set
represented a large number of samples collected
over a large area (fig. 5) during a continual time
period (fig. 4). In the Sierra Vista subbasin, 195
samples were collected at 73 wells during 1950-65.
If data were available from a well that was sampled
more than one time, the median value for a
constituent was used in the data analysis. Data for
the same constituents collected during 1996-97
were compiled from historical analyses in the
NWIS. Data were not available in the NWIS for
alkalinity, the nutrient constituents, or the trace
constituents, with the exception of fluoride.

Selection of Sample Locations

The USGS and the ADEQ each planned to
sample 20 wells in the Sierra Vista subbasin to
characterize the ground-water quality. Wells were
chosen using a statistically based stratified-random
approach. Computer software (Scott, 1990) was
used to divide the subbasin into 20 equal-area
polygons, referred to as cells. Within each cell,
primary, secondary, and tertiary points were
randomly assigned by the computer software.
Different sets of random points within each cell
were used by the USGS and the ADEQ.

Wells within about a 1.6-kilometer radius of
each primary point were identified from a data base
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Table 4. Summary results of the analyses of replicate samples colliected by the U.S. Geological Survey and the
Arizona Department of Environmental Quality, Sierra Vista subbasin, Arizona, 1896-97

[N, number of replicate samples; constituents are dissolved and are reported in milligrams per liter unless otherwise noted; pg/L, micrograms per

liter; --, no data]

USGS replicate samples

ADEQ replicate samples

Difference,

. Difference, Difference, Difference,
Characterislic or in psreent in concentration units in percent im concentration units
constituent
Mini- Maxi- Me- Mini« Maxi- Me- Mini- Maxi- Me- Mini- Maxi-  Me-
N mum mum disn mum mum dien N mum mum dian mum mum  dian
General mineral characteristics
Alkalinity ......cocevee.. 3 0 0.8 0 0 1 0 3 06 4.4 0.8 1 10 2
Total
dissolved solids.... 3 0 2.1 .5 0 6 1 3 .1 S .5 5 12 6
Mineral constituents
Calcium.......occeunene 3 0 1.3 0 0 1 0 3 0 2 .8 0 1 3
Magnesium .............. 3 0 1.8 1 0 .1 3 3 .9 8 0 2 .1
Sodium ......... .3 0 7.4 0 0 1 0 3 3 1.7 .6 .1 2 1
Potassium 3 0 8.7 5.1 0 2 3 3 9 8 .1 2 .1
Chloride ......coruvureee. 3 0 0 0 0 0 0 3 0 1.9 0 0 5 0
Sulfate......cccorrrivirinen 3 0 4.1 0 0 1 0 3 18 8.5 2.8 9 24 7
Nutrient constituents
Nitrite plus nitrate.... 3 3.5 4.2 4.1 0 2 0 2 3 4 4 .01 .01 01
AMMONia .......coenn. 1 0 0 - 0 0 - 0 - - - -- -- --
Phosphorus .............. 0 - - - -~ -- - 0 - - -- -~ -- --
Trace constituents
Aluminum (ug/L)... 3 0 29 0 0 1 0o 0 - -- -- - - -
Antimony (ug/L) ..... 0o - -- -- -- -~ - 0 - - -- - -- --
Arsenic (Ug/L) ......... 2 0 20 10 0 2 i 0 - - - - -- -
Barium (ug/L).......... 3 1 3.8 1.5 1 3 1 1 0 0 0 0 0 0
Beryllium (ug/L) ..... 0 - -- - - -- - 0 - -- -~ -- - -
Cadmium (ug/L)...... 0 - - - - -~ - 0 - - - -- - -
Chromium (ug/L).... 2 0 0 0 0 0 0o 0 - -- -- -- -- -
Copper (ug/L)....c.n.. 2 0 0 0 0 0 0o 0 - - -- - -- --
Fluoride.......cccccvveune 3 0 0 0 0 0 0 3 o0 20 2.2 0 N 02
Iron (Ug/L).ccrreennn. 1 40 40 - 2 2 - 1 0 0 - 0 0 -
Lead (Rg/L)..corererenen 1 0 0 -- 0 0 - 1 0 0 -- 0 0 -
Manganese (ug/L)... 1 0 0 -- 0 0 - 0 - - -- - - -
Selenium (ug/L)....... 0 - -- -- -- -- - 0 - -- -- - -- --
Silver (ug/L) ..c.coevnne 0 - -- - -- -- - 0 - - -- -- - -
Zinc (UE/L) cconirinene 3 31 9 34 1 5 1 0 - - - -- - -~
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environmental samples for these constituents were
not considered significant. The maximum
difference in the replicate samples for sodium,
potassium, and arsenic are 1 mg/L, 0.2 mg/L, and
2 pg/L, respectively; all of these values are within
one standard deviation of the mean for these
constituents in the environmental samples collected
by the USGS.

The USGS NWQL maintains an internal
program that includes blank, replicate, and spike
samples to ensure that the laboratory is accurately
analyzing water-quality samples (Pritt and Raese,
1995). The Quality Assurance Unit of the NWQL
routinely submits blind reference and blank
samples to the NWQL. The USGS Branch of
Quality Systems (BQS), which operates inde-
pendently of the NWQL, also submits blind
samples to the NWQL.

Arizona Department of Environmenial Quality
Quality-Assurance Plan and Quality-Cantrol
Data

The ADEQ collected 1 field-blank sample and
1 replicate sample for mineral characteristics and
mineral-, nutrient-, and trace-constituent analyses
at 2 of the 20 wells sampled for this study; 4
field-blank samples and 2 replicate samples were
collected at 6 additional wells chosen by the ADEQ
for other studies (fig. 6; table 14 in the “Basic Data”
section). Additionally, 2 standard reference
samples for mineral-, nutrient-, and trace-
constituent analyses, 1 travel blank for mineral and
trace-constituent analyses, and 1 spiked sample for
nitrite plus nitrate, were also included as
quality-control samples.

Field-blank samples for mineral characteristics
and mineral- and nutrient-constituent analyses were
collected by directly pouring water free of the
constituent of interest into the sample bottles.
Field-blank samples for trace-constituent analyses
were collected by placing water free of the
constituent of interest into the same bottle used to
transfer the unfiltered environmental sample, and
then filtering the water using a positive-pressure
filtering apparatus fitted with a 0.45-micrometer
in-line cartridge filter. The bottle used to transfer
water to the filtering apparatus was cleaned
according to the QAPP recommendations (Arizona

Department of Environmental Quality, 1991). Of
the 5 field-blank samples, 1 sample had measurable
concentrations of potassium and antimony (site 40).
Because only one of the field-blank samples was
affected, the effects of sampling equipment and
procedures on the environmental samples were not
considered significant. Two field-blank samples
had measurable concentrations of total dissolved
solids (sites 40 and 42) that were within one
standard deviation of the mean of total dissolved-
solids values in the ADEQ data set. The con-
centrations also were not considered significant
relative to the environmental data.

Replicate  samples were obtained by
sequentially collecting two environmental samples
for mineral characteristics and mineral, nutrient,
and trace constituents (table 4). Replicate results
for sulfate and fluoride varied by more than
5 percent. The corresponding maximum differ-
ences in concentration for sulfate and fluoride, were
24 and 0.11 mg/L, respectively. These differences
were within one standard deviation of the mean
value for these constituents in the ADEQ data and
were not considered significant. Replicate results
for thirteen constituents were below the MRL for
the ADHS laboratory.

Two standard-reference samples for mineral
characteristics and  constituents, nutrient
constituents, and trace constituents were received
from the USGS BQS and transferred to sample
bottles supplied by the ADHS laboratory.
Replicates of the standard-reference samples were
submitted to the ADHS laboratory for analyses
(tables 5, 6, and 7). Data from these samples
provide a measure of the bias of the ADHS
laboratory compared with other laboratories,
including the NWQL, that participate in the
interlaboratory-evaluation program that the USGS
BQS designs and operates (Farrar and Long, 1997).
If the results for one of the replicate samples from
the ADHS laboratory were within 1.5 times the
F-pseudosigma value of the most probable value
(MPV) determined by the BQS for the
standard-reference samples, the results were
considered acceptable for this study. The
F-pseudosigma value is equivalent to the standard
deviation of traditional statistics when the data have
a Gaussian distribution (Long and Farrar, 1994).
The fluoride analyses from the ADHS laboratory
and the NWQL were considered unacceptable for
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Table 5. Resulis of the analyses of standard reference samples for mineral characteristics and constituents—
Standard Reference Sample M-134 (Long and Farrar, 1995)

[Most Probable Value, F-pseudosigma, and National Water-Quality Laboratory analyses from Long and Farrar (1995). ADHS, Arizona Department
of Health Services Laboratory; NWQL, National Water-Quality Laboratory; constituents are dissolved and are reported in milligrams per liter
unless otherwise noted; uS/cm, microsiemens per centimeter at 25 degrees Celsius; --, constituent was not determined]

pH Specitic
(stand- Alkalin- condue- Mag- Po-
ard ity a8 tance Cal- ne- tas- Chlo- Fluo-
units) CaCO; (uS/em) cium sium Sadium  sium ride Sulfete ride
Most Probable Value 7.7 63 615 44 9.8 61 2.4 65 78 0.56
F-pseudosigma 17 1.6 18 24 41 2.4 22 2.1 24 .03
ADHS sample 1 - 64 597 M @) ) @) 63 291 2361
ADHS sample 2 - 64 594 @) @) ) ) 64 79 2373
NWQL sample 7.5 65 606 46 9.7 60 24 65 75 262

! Analyses completed as part of trace-constituent sample in tabie 7.
2Values are greater than 1.5 times the F-pseudosigma.
3Trace constituent analyzed as part of mineral-constituent sample

Table 6. Results of the analyses of standard reference samples for nutrient constituents—Standard Reference
Sample N-52 (Farrar and Long, 1997)

[Most Probable Value, F-pseudosigma, and National Water-Quality Laboratory analyses from Farrar and Long (1997). ADHS, Arizona Department
of Health Services Laboratory, NWQL, National Water-Quality Laboratory; constituents are dissolved and are reported in milligrams per liter]

Nitrite plus nitrate Ammonia Phosphorus
Most Probable Value 1.7 133 1.6
F-pseudosigma .10 .090 06
ADHS sample | 1.8 1.12 1.4
ADHS sample 2 .9 1.29 1.5
NWQL sample 1.7 1.36 1.6

Values are greater than 1.5 times the F-pseudosigma.

Table 7. Results of the analyses of standard reference samples for trace constituents—Standard Reference Sample
T-129 (Long and Farrar, 1994)

[Most Probable Value, F-pseudosigma, and values for National Water-Quality Laboratory analyses from Long and Farrar (1994). ADHS, Arizona
Department of Health Services Laboratory, NWQL, National Water Quality Laboratory; constituents are dissolved and are reported in micrograms
per liter unless otherwise noted; mg/L, milligrams per liter; <, less than]

Beryl- Cad- Chro-
Aluminum Antimony Arsenic Barium lium mium mium Copper Iron Lead

Most Probable Value 50 0.6 0.6 34 0.1 0.3 0.7 2.7 10 1.0
F-pseudosigma 12 9 1.1 2 1 2 1.4 1.4 8.2 1.4
ADHS sample 1 <500 <5 <10 <100 <.5 <1 <10 <10 <100 <5
ADHS sample 2 <500 <5 <10 <100 <5 <1 <10 <10 <100 <5
NWQL sample 46 2 <l 33 <5 3 .6 2.7 5.1 .03

Calcium Magnesium Sodium Potassium

Mangansse Selenium Silver Zinc (mg/L) (mg/L) (mg/L) (mg/L)
Most Probable Value 25 1.6 0.4 72 21 5.8 36 3.0
F-pseudosigma 22 1.6 1.4 4.8 1 3 1.5 2
ADHS sample 1 <50 <5 <1 180 21 16.6 37 3.2
ADHS sample 2 <50 <5 <1 130 21 16.5 37 3.3
NWQL sample 24 <1 1 68 21 59 35 2.9

'Values are greater than 1.5 times the F-pseudosigma,
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this study (table 5). Magnesium and zinc analyses
from the ADHS laboratory were also considered
unacceptable (table 7). The high bias associated
with these constituents was considered in the
interpretation of these data. Trace constituent con-
centrations generally were below the MRL
established by the ADHS laboratory. These results
correspond with the MPV determined by the BQS
for these constituents and are not sufficient to
characterize any bias associated with these analyses
from the ADHS laboratory.

A travel-blank sample was collected by placing
bottles of water free of the constituent of interest
into an ice chest used to store and chill the
environmental samples during transport to the
ADHS laboratory. The bottles were filled before
the field sampling and were not opened during field
sampling. This sample was submitted to the ADHS
laboratory for analyses of mineral and trace
constituents. Concentrations of all constituents
analyzed in the travel blank were less than the
MRL’s for the ADHS laboratory.

The spiked sample for nitrate was received
from the ADHS laboratory, placed in an ice chest
used to store and chill the environmental samples
during transport, and then submitted to the ADHS
laboratory for analyses. The results from this spiked
sample show that recovery of nitrate was within
4 percent of the expected value (10 mg/L).

Combined Quality-Control Data

The USGS and the ADEQ simultaneously
collected environmental samples (one sample
collected by each agency) as split samples for
analysis of physical and general mineral
characteristics and mineral, nutrient, and trace
constituents at seven sites (fig. 6; table 15 in the
“Basic Data” section). Data from these samples
provide a measure of the variability between the
USGS and the ADEQ field and laboratory
procedures. Wells selected for collection of split
samples were spatially distributed and included
various ground-water types in the study area
(fig. 7). The split samples were collected at 6 of the
ADEQ’s 20 wells sampled for this study (sites 28,
29, 31, 33, 34, and 38). An additional split sample
was collected at a well chosen by the ADEQ for a
study that included targeted higher-density

sampling (site 45). The NAWQA ground-water
sampling protocols and procedures were followed
by both the USGS and the ADEQ for the split
samples.

Analytical results from the split samples were
evaluated using the exact form of the sign test
(Helsel and Hirsch, 1992) to determine if there were
any significant differences between the analytical
data collected by the USGS and the analytical data
collected by the ADEQ at a significance level of
0.05. The exact form of the sign test generally
verified that combining the ground-water quality
data collected by the USGS and the ADEQ
was acceptable. Among the physical and general
mineral characteristics, significant differences were
found in alkalinity and specific-conductance values
(table 8). The alkalinity concentrations measured
by the ADEQ were lower than those measured by
the USGS, and the specific-conductance values
measured by the USGS were lower than those
measured by the ADEQ.

Application of the exact form of the sign test to
the mineral constituents resulted in significant
differences between the data collected by the USGS
and the data collected by the ADEQ for two
constituents—magnesium and potassium. Concen-
trations of these constituents in the seven split
samples from the ADEQ were higher than those in
split samples from the USGS. This high bias
corresponds with the results of the standard-
reference samples for magnesium, which also
indicated high values relative to the MPV (table 7).
Values for potassium for the standard reference
samples were also higher than the MPV and the
NWQL result (table 7), but less than 1.5 times the
F-pseudosigma value from the MPV.

Detection of differences between nutrient
constituents in split samples collected by the USGS
and the ADEQ was limited to nitrite plus nitrate
because there were no measurable concentrations of
ammonia and phosphorus in the split samples. This
result corresponds with concentrations of these two
constituents in the environmental samples that
generally were at or below the MRL’s (table 16 in
the “Basic Data” section). Split samples collected
by the USGS and the ADEQ showed no significant
differences in nitrite plus nitrate values.

Concentrations of several trace constituents—
aluminum, arsenic, barium, chromium, iron, and
zinc—in some split samples were below the MRL

Methods of investigution 19







for the ADHS laboratory but were measurable by
the NWQL. Measurable concentrations from only
one of the laboratories were not sufficient to test the
statistical significance of differences between the
USGS and the ADEQ data. Concentrations of eight
of the trace constituents—antimony, beryllium,
cadmium, copper, lead, manganese, selenium, and
silver—in the split samples were below the MRL’s
for both the ADHS laboratory and the NWQL.
Because these results correspond with the
environmental data for four of these
constituents—antimony, beryllium, cadmium, and
silver (table 16 in the “Basic Data” section}—
acomparison of the analytical data was not
considered necessary. Five of  these
constituents—chromium, copper, lead, manganese,
and selenium—were detected in less than half of
the environmental samples, and concentrations
generally were at or near the MRL (table 16 in the
“Basic Data” section). Most of these detections
were in samples collected by the USGS owing to
the generally lower detection limits for the trace
constituents. Because there were few detections of
these constituents, comparisons of data from the
split samples were not considered necessary.
Concentrations of only one trace constituent—
fluoride—were measurable in all seven split
samples. Differences in the fluoride data between
the USGS and the ADEQ were not significant on
the basis of results from the exact form of the sign
test.

Statistical Methods

A variety of methods were used to complete
statistical analyses for the ground-water quality
data collected by the USGS and the ADEQ during
1996-97. Constituent data that included data below
one or more MRL’s and for which less than
80 percent of the concentrations were below the
MRL’s were tested for log-transformed normality
using the Kolmogorov-Smirnov one-sample test
(SSPS Inc., 1997). Values representing concen-
trations that exceed no more than 10, 25, 50, 75,
and 90 percent of the constituent concentrations
were calculated using the maximum likelihood
estimation method (Cohen, 1959) for normal
log-transformed data, or the probability regression
method (Cohen, 1959) for nonnormal log-

transformed data. If more than 80 percent of the
data reported for a constituent were below the
MRL’s, no calculations were completed.

The Statistical Analysis System (SAS; SAS
Institute Inc., 1990) was used to calculate Kendall’s
tau-b test statistic (Helsel and Hirsch, 1992)-—a
nonparametric measure of the association between
two variables—for correlations between concen-
trations of different constituents and between
concentrations of constituents and well depth. The
null hypothesis of no association between variables
was rejected if the probability of obtaining the
correlation by chance was less than or equal to 0.05.
For those sets of constituent data that included
values less than or equal to either of the agencies’
MRL for that constituent, concentrations reported
below the highest MRL were changed to a single
value that was less than the highest MRL.
Kendall’s tau-b test statistic is not valid for data sets
with a large percentage of concentrations (greater
than 20 percent) below the MRL (Helsel and
Hirsch, 1992). For sulfate and barium, more than
20 percent of the data collected by both the USGS
and the ADEQ were below the highest MRL’s, but
less than 20 percent of the USGS data were below
the USGS MRL’s. Consequently, Kendall’s tau-b
test statistic was calculated for sulfate and barium
using data collected only by the USGS.

Statit (Statware, Inc., 1990) was used to
calculate the Kruskal-Wallis test statistic (Helsel
and Hirsch, 1992)—a nonparametric measure of the
association between several independent sets of
data. This statistic was used to test the hypothesis
that concentrations of constituents in water from
wells that represent different locations, aquifer
types, geology, and land-use types within the study
area were the same. The null hypothesis of identical
median values for all data sets within each of the
four tests was rejected if the probability of
obtaining identical medians by chance was less than
0.05. If the null hypothesis was rejected for any of
the four tests conducted, Statit was used to apply the
Tukey method of multiple comparisons on the
ranks of the data (Helsel and Hirsch, 1992). This
test identified significant differences between
constituent concentrations when compared to each
possibility within each of four tests. The null
hypothesis of identical median values for two
possibilities in each test was rejected if the
probability of obtaining identical medians by

22 Ground-Water Quality in the Sierra Vista Subbasibn, Arizona, 199697

chance was less than or equal to 0.05. For those sets
of constituent data that included values less than or
equal to either of the agencies’ MRL for that
constituent, concentrations reported below the
highest MRL were changed to a single value that
was less than the highest MRL. The Kruskal-
Wallis test statistic and the Tukey method are not
valid for data sets with a large percentage of
concentrations (greater than 50 percent) below the
MRL (Helsel and Hirsch, 1992). For barium and
arsenic, more than 50 percent of the data collected
by both the USGS and the ADEQ were below the
highest MRL’s, but less than 50 percent of the
USGS data were below the USGS MRL’s.
Consequently, the Kruskal-Wallis test statistic and
the Tukey method were calculated for barium and
arsenic using data collected only by the USGS.

For the historical data, Statit (Statware, Inc.,
1990) was used to compute the Wilcoxon rank-sum
statistic—a nonparametric measure of the
association between two independent sets of data.
This statistic was used to test the null hypothesis
that concentrations of constituents collected from
195065 were the same as concentrations of
constituents collected for this study during
1996-97. The null hypothesis of identical median
values for both data sets was rejected if the
probability of obtaining identical medians by
chance was less than 0.05.

GROUND-WATER QUALITY

Ground-water quality in the Sierra Vista
subbasin was examined by determining present
ground-water quality conditions (1996-97); by
determining variations in ground-water quality that
relate to differences in well location, well depth,
aquifer type, geology, and land use (table 17 in the
“Basic Data” section); and by comparing present
ground-water quality conditions to historical
ground-water quality conditions (1950-65).
Differences in present ground-water quality
conditions that relate to well location were defined
by dividing the study area into four quadrants
(southwest, southeast, northwest, and northeast) on
the basis of two physical delineations: the
subwatershed divide that divides the subbasin into
northern and southern parts, and the San Pedro
River that divides the subbasin into eastern and

western parts (fig. 1). Well depth was defined by
well drillers’ logs. Aquifer types (flood plain,
unconfined basin fill, confined basin fill in the
Hereford-Palominas area, confined basin fill in
the St. David-Pomerene area, and bedrock water-
bearing units; fig. 3) were identified by well
drillers’ logs and water levels. Geology (alluvium,
basin fill, sedimentary, igneous, and metamorphic;
fig. 3) was defined by well drillers’ logs and
open-interval depths. Land use (rangeland, forest,
urban, agricultural, transitional, and wetland;
fig. 2) was defined using digital information
(U.S. Geological Survey, 1986). Changes in water
quality through time were examined by comparing
constituent concentrations in the historical data to
constituent concentrations in data collected for this
study.

Present Conditions (1996—97)

Comparison of the ground-water quality data
(table 16 in the “Basic Data” section) with
drinking-water regulations and aquifer water-
quality standards indicate that ground water in the
Sierra Vista subbasin generally is suitable
for domestic, irrigation, stock, industrial, and
municipal uses. The U.S. Environmental Protection
Agency (USEPA) primary maximum contaminant
levels (MCL’s) for drinking water are health-based
standards that define the maximum concentration of
a constituent that is allowed in a public-water
system; the State of Arizona aquifer water-quality
standards apply to aquifers classified for drinking-
water use (table 9). The USEPA secondary MCL
isan unenforceable guideline that defines the
maximum concentration of a characteristic or
constituent that can be present without unpleasant
taste, color, odor, or other aesthetic effects on
drinking water. Of the 39 samples collected in the
Sierra Vista subbasin as part of the recent study,
1 sample exceeded the USEPA primary MCL and
State of Arizona aquifer water-quality standards for
fluoride (site 39; fig. 8), 7 samples exceeded the
USEPA secondary MCL for fluoride (sites 14, 16,
31, 32, 37, 38, and 39), 1 sample exceeded the
USEPA secondary MCL for iron (site 37), | sample
exceeded the USEPA secondary MCL for
manganese (site 37), 2 samples were outside the
USEPA secondary MCL range for pH (sites 28 and
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is a calcium bicarbonate type (fig. 7). Potassium
and chloride were detected in all 39 samples,
calcium and sodium were detected in 38 samples,
magnesium was detected in 37 samples, and sulfate
was detected in 31 samples.

Within the Sierra Vista subbasin, the
Kruskall-Wallis test statistic and Kendall’s tau-b
test statistic identified several significant relations
between general mineral constituents and well
location, well depth, and aquifer type; no
significant relations were identified between
general mineral constituents and geology or land
use. A significant negative correlation between
well depth and calcium concentrations was
identified with the Kendall’s tau-b test statistic
(fig. 9).

Sodium concentrations in the northeast
quadrant were higher than sodium concentrations in
the southeast and southwest quadrants, and sodium
concentrations in the northwest quadrant were
higher than sodium concentrations in the southwest
quadrant (fig. 10). In addition, potassium concen-
trations in the northeast quadrant were higher than
potassium concentrations in the southwest quadrant
(fig. 10). Significant differences between these
quadrants for sodium and potassium were identified
with the Kruskall-Wallis test statistic.

Sodium concentrations in unconfined parts of
the basin-fill aquifer were lower than sodium
concentrations in confined parts of the basin-fill
aquifer in the St. David-Pomerene area and sodium
concentrations in the bedrock water-bearing units
(fig. 10). In addition, chloride concentrations in
unconfined parts of the basin-fill aquifer were
lower than chloride concentrations in the bedrock
water-bearing units (fig. 10). Significant differ-
ences between these aquifer types for sodium and
chloride were identified with the Kruskall-Wallis
test statistic.

Although no significant relations between
general mineral constituents and geology were
identified with the Kruskall-Wallis test statistic, the
differences between sodium and potassium
concentrations in the northeast quadrant of the
basin and concentrations in the southern half of the
basin, and the differences between sodium and
chloride concentrations in the bedrock water-
bearing units and concentrations in unconfined
parts of the basin-fill aquifer are most likely directly
related to the varied mineralogy of the mountains

surrounding the Sierra Vista subbasin. Samples
collected from wells open to bedrock water-bearing
units contain higher concentrations of sodium and
chloride because of the presence of sodium- and
chloride-bearing volcanic rocks in the these units
(Gilluly, 1956). The high concentrations of sodium
and potassium in the northeast quadrant relative to
concentrations in other quadrants in the subbasin
are related to the abundance of sodium- and
potassium-bearing volcanic rocks and associated
intrusive rocks of the Dragoon and Little Dragoon
Mountains (Gilluly, 1956). This relation is
discussed in greater detail later in the discussion of
fluoride concentrations in the “Trace Constituents”
section. The high levels of potassium in the
northeast quadrant also may be related to the bias of
the ADHS laboratory toward high potassium con-
centrations relative to the USGS laboratory.

Although a significant difference in sulfate
concentrations in relation to well location was not
identified with the Kruskall-Wallis test statistic, the
two samples that exceeded USEPA secondary
MCL’s for sulfate are from wells close to one
another in the northwest quadrant of the basin (sites
25 and 35; fig. 8). Both of these samples also
exceeded the USEPA secondary MCL for total
dissolved solids. The high concentrations of sulfate
and total dissolved solids in these samples can be
attributed to the mineralogy of the mountains
adjacent to these wells.

The Whetstone Mountains, which are located
directly upgradient from the two wells that
contained high concentrations of sulfate, contain
large deposits of gypsum (CaSO, ¢ 2H,0)
interbedded with siltstone and dolomite that range
in thickness from 120 to 260 m (Graybeal, 1962).
Gypsum dissolves readily in contact with water and
releases sulfate and calcium ions into solution:

CaSO, » 2H,0 = Ca®* + SO, + 2H,0.

Calculated saturation indices for samples from
the south end of the Whetstone Mountains indicate
that ground water in this area is strongly
undersaturated with respect to gypsum and
undersaturated but close to saturation with respect
to calcite (CaCO3) and dolomite (CaMg(CO3),)
(table 11). The concurrent reactions of gypsum
dissolution from deposits in the Whetstone
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Table 11. Calcite, dolomite, and gypsum saturation indices for selected ground-water samples, Sierra Vista subbasin,

Arizona, 199697

[A positive number indicates a precipitation potential; a negative number indicates a dissolution potential]

Saturation index!

Site Calcite Dolomite Gypsum
number (CaCOs) {CaMg(CO,),) (CaS0,)
25 0.07 -0.09 -1.06
35 -15 -42 -.59

ICalculated using WATEQFP (Plummer and others, 1991).

Mountains and dolomite and calcite dissolution
from basin-fill deposits could create the locally
high concentrations of total dissolved solids. The
significant positive correlation of sulfate with total
dissolved solids, calcium, and magnesium (fig. 11)
supports the occurrence of these reactions.

Nutrient Constituents

Ground-water samples collected in the Sierra
Vista subbasin varied slightly in concentrations of
nitrite plus nitrate, ammonia, and phosphorus
(table 10). Nitrite plus nitrate was detected in
36 samples, ammonia was detected in 11 samples,
and phosphorus was detected in 2 samples. A
significant positive correlation between nitrite plus
nitrate and magnesium concentrations and between
nitrite plus nitrate and chloride concentrations was
identified with the Kendall’s tau-b test statistic
(fig. 12). Nitrite plus nitrate and chloride have
several common sources, both are used in
agriculture and both can be contributed to ground
water by animal waste and by septic systems (Hem,
1985).

Because the data set contained a large number
(greater than 50 percent) of ammonia and
phosphorus concentrations below the MRL, only
nitrite plus nitrate was examined for statistical
trends. Nitrite plus nitrate concentrations in the
northeast quadrant were lower than nitrite plus
nitrate concentrations in the southeast quadrant
(fig. 10). A significant difference between these
quadrants for nitrite plus nitrate was identified with
the Kruskall-Wallis test statistic. Both quadrants
have minimal agricultural activity; agricultural
practices probably are not causing the increases in
nitrite plus nitrate values in one quadrant relative to
another. At present, adequate data are not available

to attribute the higher nitrite plus nitrate
concentrations in the southeast quadrant to a
particular source. No significant relations were
identified between nitrite plus nitrate and well
depth, aquifer type, geology, or land use.

Trace Constituents

Most of the samples collected in the Sierra
Vista subbasin did not contain detectable
concentrations of trace constituents. Fluoride was
detected in 37 samples, barium was detected in
28 samples, arsenic was detected in 14 samples,
iron was detected in 8 samples, manganese was
detected in 6 samples, lead was detected in 5
samples, and selenium was detected in 1 sample.
The trace constituents—antimony, beryllium,
cadmium, and silver—were not detected by either
agency.

One ground-water sample exceeded USEPA
secondary MCL’s for iron and manganese (site 37;
fig. 8). This sample was collected from an unused
well with a steel casing; the iron and manganese
concentrations may not be indicative of actual
ground-water conditions.

Because fluoride and barium were the only
trace constituents present in a large number (greater
than 80 percent) of samples at concentrations above
the MRL, only fluoride and barium were examined
for statistical trends with well depth using the
Kendall’s tau-b test statistic. Only fluoride, barium,
and arsenic data had greater than 50 percent of the
concentrations above the MRL; fluoride, barium,
and arsenic were examined for statistical
differences related to well location, aquifer type,
geology, and land use using the Kruskall-Wallis test
statistic. Significant differences of fluoride in
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