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CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATED WATER-QUALITY UNITS

Multiply By To obtain
centimeter (cm) 0.3937 inch
meter (m) 3.281 foot
kilometer (km) 0.6214 mile
square kilometer (km?) 0.3861 square mile
cubic meter per second ( m¥/s) 35.3107 cubic foot per second
liter per minute (L/min) 0.2642 gallon per minute
gram (g) 0.03527 ounce

In this report, temperature is reported in degrees Celsius (°C), which can be converted to degrees Fahrenheit (°F) by using

the following equation:
°F=1.8(°C) +32

VERTICAL DATUM

Sea level: In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929—a geodetic datum derived from a general
adjustment of the first-order level nets of the United States and Canada, formerly called Sea Level Datum of 1929.

ABBREVIATED WATER-QUALITY UNITS

Chemical concentration and water temperature are given only in metric units. Chemical concentrations in water is given in milligrams per
liter (mg/L), micrograms per liter (ug/L), or moles per liter (mol/L). Milligrams per liter is a unit expressing the solute concentration
(milligrams) per unit volume of solution. Millimoles per liter (mmol/L) is a unit expressing the solute concentration per unit volume of
solution. One thousand millimoles per liter is equivalent to 1 mol/L. One thousand micrograms per liter is equivalent to 1 mol. For
concentrations less than 7,000 mg/L, the numerical value is about the same as for concentrations in parts per million (ppm). Specific
conductance is given in microsiemens per centimeter (uS/cm) at 25°C. Chemical concentration in solid-phase material from core samples
and stream sediments is given in millimoles per kilogram (mmoi/kg), milligrams per kilogram (mg/kg), and micrograms per gram (ng/g).
Micrograms per gram is equivalent to parts per million.
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Chapter A

Research of Acidic Contamination of Ground Water
and Surface Water, Pinal Creek Basin, Arizona

By James G. Brown and James H. Eychaner

Abstract iron-oxide minerals to precipitate on the stream-
bed. Although trace metals, such as copper, nickel,
The Pinal Creek Basin in central Arizona has  zinc, and lead, are more concentrated on iron
been an area of large-scale copper mining formore  oxides than manganese oxides, trace-metal

than 100 years. Contamination sources, mainly sorption to manganese oxides is more important
impoundments of water related to mining, because manganese oxides are much more
generally were acidic. A manmade lake formed in  abundant than iron oxides in the streambed.
1941 and drained in 1988 probably was the single Research at the Pinal Creek toxic site was

largest source of contamination. Concentrations of  funded mainly by the U.S. Geological Survey’s
dissolved iron and sulfate in the lake were greater  Toxic Substances Hydrology Program and has

than 2,000 and 13,000 milligrams per liter, been ongoing since 1984. Focus of the study
respectively. Acidic water from this lake and included the acidic plume and areas affected by
other mining-related sources has generated a neutralized water. A combination of column and

15-kilometer-long plume of acidic ground waterin  other laboratory experiments and computer
the alluvial aquifer. Contaminated ground water simulations characterized oxidation-reduction,
is neutralized mainly by calcite dissolution as it neutralization, and sorption reactions that
moves through the alluvium and the shallow basin  evidently occur in the core of the plume. Solid-
fill. Acid-base, oxidation-reduction, and sorption  phase associations of copper, manganese,
reactions accompany the neutralization of acidic ~ zinc, calcium, aluminum, and sulfate in the
ground water. Oxidation-reduction reactions subsurface were determined through the use
involve principally iron and manganese. Sorption  of sequential extractions. Field sampling and
of oxidized precipitates controls the distribution of ~ laboratory work identified oxide precipitates,
cobalt, copper, and nickel. These metals and other ~ associated trace metals, and trends in water
trace metals are near detection limits in neutralized ~ chemistry in the area of perennial flow.
ground water.

Neutralized ground water, which had a pH of
6.1 in 1990, discharges to the land surface to form INTRODUCTION
dionide deorenses and dissolved oxygen incremses T Fial Creek drainage bsin i i entl
. - Arizona about 100 km east of Phoenix (fig. 1). Globe
in the surfas:e water as it flows df)wnstream. As & and Miami are the principal communities in the basin,
result, pH rises to about 8, and dissolved-solids  which had a population of about 18,000 in 1990 (U.S.
concentrations decrease slightly. The rise in pH Bureau of the Census, 1991). The boundary of the
along the perennial reach causes manganese and basin forms the boundary of the study area (fig. 1),
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Figure 1. Location of study area, Pinal Creek Basin, Arizona.
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which lies entirely within Gila County. Streams flow
generally northward and ultimately flow into Pinal
Creek, which empties into the Salt River just above
Roosevelt Lake.

Mining began in the area in the late 1870's with
the production of silver ore from several underground
mines (Ransome, 1903, p. 115). Copper has been
mined in the basin since 1882, first in underground
mines and in open-pit mines beginning in 1948.
Acid-mine drainage resulted from oxidation of sulfide
minerals, from ore processing, and from other mining
activities in the basin. Contaminated acidic ground
water was first recognized in the area in the 1930's,
and perennial streamflow in Pinal Creek is known
to have been affected by contamination since
1963 (Envirologic Systems, Inc., 1983, p. 6) and
possibly earlier. The contamination has generated a
15-km-long plume of acidic ground water in
the alluvium of Miami Wash and lower Pinal Creek.

A study began in 1984 that focused on the
acidic contaminant plume beneath Miami Wash
and Pinal Creek and the contaminated water in the
perennial reach of Pinal Creek. The work and research
summarized in this report was done primarily by
the U.S. Geological Survey (USGS), the U.S.
Environmental Protection Agency (USEPA), the Uni-
versity of Arizona, and the Arizona State University.
Principal funding was from the USGS Toxics Sub-
stances Hydrology Program.

The investigations in the Pinal Creek Basin have
had local and national objectives. On the local level,
the study objective was to describe the extent of con-
tamination in populated areas, monitor the evolution of
the contaminants through time, and evaluate the poten-
tial for breakthrough of acidic contamination to the
perennial reach of Pinal Creek, which flows into the
Salt River about 10 km upstream from Roosevelt Lake.
Roosevelt Lake is a principal source of water for the
Phoenix metropolitan area, which had a population of
2,100,000 in 1990 (U.S. Bureau of the Census, 1991).
On the national level, the objective was to identify and
quantify the reactions that alter the chemistry of the
contaminated water, provide data to test simulation
models that link advective transport with geochemical
reactions, and verify laboratory experiments on the
transport and reactions of contaminants.

Purpose and Scope

The purpose of this report is to present the results
of research at the site through 1992. The report summa-
rizes the sampling and data-collection program and
describes the geohydrology of the system, the chemical
characteristics and extent of the principal contaminant
plume, and the physical and chemical processes
that alter aqueous and solid phases. This report also
presents the results of geochemical-computer model
simulations that were done to increase understanding
of these physical and chemical processes.

Physical Setting and Climate

The Pinal Creek Basin is an area of block-faulted
mountains and valleys that range in altitude from 670
to 2,400 m above sea level. The surface-drainage area
of the basin is 516 km?. Inspiration Dam, which is
about 6 km upstream from the Salt River and mouth
of Pinal Creek, is an abandoned, concrete diversion
dam about 3 m high and 22 m long. The dam was
built in 1912 but was never used and it has been filled
to the crest with sediment since at least 1979. Most
studies have been done upstream from Inspiration Dam
because access is difficult in the 6.2-km reach between
the dam and the mouth of the creek (fig. 1).

Land-surface altitudes in the basin generally
increase to the south. The altitude of Inspiration Dam is
835 m above sea level. The highest altitude is 2,392 m
above sea level on Pinal Peak in the Pinal Mountains,
which form the south boundary of the basin. The basin
is bounded on the east by Apache Peaks and the Globe
Hills, which reach a maximum altitude of 1,000 m,
The basin is bounded on the west by the Salt River
Mountains and Webster Mountain, which has an
altitude of 1,700 m.

Mining operations in the basin range in altitude
from 1,000 to 1,300 m above sea level. The largest
open-pit mines in the basin are adjacent to and north
of Miami, where mines and tailings dominate the local
landscape. Tailings cover about 27 km? of hills and
drainages around Miami (fig. 1). By 1989, mine pits
and dumps had prevented surface runoff from an area
of about 85 km? from contributing to flow in Pinal
Creek.

Average precipitation increases with altitude and
ranges from about 340 to about 780 mm/yr and is about
450 mm/yr near the mines (University of Arizona,
1965). From 1914 to 1991, precipitation at Miami
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ranged from 167 to 578 mm/yr and averaged

493 mm/yr (Longsworth and Taylor, 1992). Pre-
cipitation occurs as brief, often intense summer
thunderstorms or as winter storms that may last
several days. Snow accumulates in the Pinal Mountains
during most years. Average monthly temperatures
near the mines range from 6 to 29°C, with extremes
of -15 and 45°C (Sellers and others, 1985).

Previous Investigations

The geology of the area has been described in
detail by Ransome (1903, 1919), Peterson (1962),
and Kiven and Ivey (1981). The general geology of
Arizona copper deposits and a general history of
copper mining in Arizona were described by Arizona
Bureau of Mines (1969, p. 117-156), and Titley and
Hicks (1966). Manganese deposits were described by
Farnham and others (1961). Gilkey and Beckman
(1963) described water-use practices at several mines
in the area, and Sheffer and Evans (1968) described
methods of copper leaching and precipitation. Central
Arizona Association of Governments (1983) reviewed
the mining history of the basin.

Studies funded primarily by the USEPA from 1979
through 1983 first quantified the severity and extent
of ground-water contamination (Envirologic Systems,
Inc., 1983). During this time, the Mineral Extraction
Task Force (METF) of the Central Arizona Association
of Governments studied potential areas of ground-
water contamination near Globe (Rouse, 1981, 1983;
Central Arizona Association of Governments, 1983;
Envirologic Systems, Inc., 1983). Their work included
chemical analyses of water samples from possible con-
taminant sources, from streams and existing wells, and
from 52 wells drilled for the study. Progress in the
investigations by the USGS since 1984 has been
summarized by Eychaner and Stollenwerk (1985,
1987) and Eychaner (1988, 1989, 1990, 1991a).

The USEPA (1986) found Inspiration Consolidated
Copper Company (ICCCo) in violation of the Clean
Water Act and ordered a series of actions to eliminate
contaminant sources, remove contaminated water from
the aquifer, and monitor remediation progress. The
administrative record leading to the order and its suc-
cessive revisions (USEPA, 1978-89) includes informa-
tion on the history of contaminant sources. Arthur
(1987b) summarized the evidence supporting the order
and included two subsequent modifications of the
required actions. The company's initial response to the

order (Timmers, 1986) contains a large number of data.
Studies related to the design of remediation work were
described by Hydro Geo Chem, Inc. (1989).
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Well-Numbering and Naming System

Each project well is identified by a two- or
three-digit number that denotes well number and
group. For example, well 103 is the third well drilled
in group 100. Project well numbers that include the
characters, EX, represent exploration holes that were
abandoned after water samples and cuttings were
collected. The exploration holes were sealed with
concrete to their total depths. Mining companies
and other well owners use different systems, which
are identified and located individually.

DATA COLLECTION AND ANALYSIS

Data collection began in 1984 with the drilling
of wells adjacent to Miami Wash into the acid core
of the plume. Initially, the focus of data collection
and study was on the acidic ground-water plume
but quickly expanded to include areas affected by
neutralized contamination especially the perennial
reach of Pinal Creek above Inspiration Dam.
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Well-Driliing Program and Data-Collection
Network

From 1984 through 1990, 32 observation wells and
6 exploration holes were drilled at 9 sites in the
area (fig. 2). The wells were constructed with
10-cm-diameter, solvent-welded PVC casing and
factory-slotted pipe; most well screens were 1 m
in length (table 1). Aquifer materials were collected
at each site during drilling. Wells were used for
collection of water samples along the length of
the plume and at various depths. Two wells were
completed in uncontaminated basin fill beneath the
plume; well 10 was drilled upgradient from all known
mining activities.

Since 1984, ground-water samples were obtained
for chemical analysis from selected project wells at
least twice yearly and at most wells once a year. A
streamflow-gaging station was established on Pinal
Creek at Inspiration Dam (station number 09498400)
in July 1980; water-quality data have been collected
from the site on a regular basis (usually six times per
year) since November 1979. Water-quality samples
have been collected from Pinal Creek at Setka Ranch
(09498380) since July 1987 (fig. 2). Water samples
were collected on an intermittent basis from 1984 to
1987 at 12 nonproject wells and 11 surface-water sites
along Miami Wash, lower Pinal Creek, and tributaries.
Data collected by or related to this project were pre-
sented by Eychaner and others (1989), Brown (1990),
and Longsworth and Taylor (1992). The reports
include well-construction data, water levels in wells,
streamflow discharge, and chemical analyses of
ground water and surface water.

Data-Collection Methodology

Most ground-water samples were collected using
either a 4.4- or 9.5-cm-diameter stainless-steel
submersible pump, which was placed in the well just
before sampling and removed immediately after sam-
pling. The 4.4-cm-diameter pump produced about
4 L/min. The 9.5-cm-diameter pump produced 20 to
100 L/min. A few samples were collected using a
bladder pump or bailer. In most instances, samples
were obtained only after three casing volumes of water
were evacuated and after temperature, pH, and specific
conductance stabilized. These measures helped ensure
that the sample collected represented water in the
aquifer. In a few instances, one or more of the field
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Figure 2. Ground-water, surface-water, and precipitation
data-collection sites, Pinal Creek Basin, Arizona.

measurements was not stable but the number of casing
volumes exceeded three. Occasionally, samples were
taken after field measurements had stabilized but
before three casing volumes were pumped if evacuat-
ing the three volumes would have lowered water levels
excessively. During many sample sets, dissolved-
oxygen concentration, oxidation-reduction potential,
and water-level drawdown also were monitored for
stability.

Decontamination of the 9.5-cm-diameter pump
between wells was accomplished by pumping more
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Table 1. Observation well construction data, Pinal Creek Basin, Arizona

[C, caliper, D, drillers; E, electric; G, geologist; J, gamma; P, particle-size; U, gamma-gamma, ---, no data]

Depth Interval of screen,
of Depth In meters Bottom
Well Date hole, of well, of seal,
num- com- In in Geologic in
ber pleted Drilling method meters meters From To unit meters avallable
10 01-09-89  Air hammer 27.9 27.1 18.0 27.1 Basinfill 24 D,G.P
St 10-11-84  Rotary, bentonite 335 334 324 333 Basinfill 3 C,EGP
52 10-12-84  Rotary, bentonite 20.1 19.8 18.8 19.7  Alluvium 3 -
53 10-12-84  Rotary, bentonite 28.0 27.8 26.8 27.7 Basinfill 3 -
54 10-12-84  Rotary, bentonite 11.3 11.0 10.0 109  Alluvium 3 .-
101 10~-10-84  Rotary, bentonite 36.3 36.1 35.1 36.0 Basinfill 3 C,E,G,RU
102 10-11-84  Rotary, bentonite 25.3 25.2 242 25.1  Alluvium 3 -
103 10-11-84  Rotary, bentonite 19.2 253 18.1 19.0 Alluvium 3 —e-
104 10-11-84  Rotary, bentonite 11.3 11.2 10.2 1.1 Alluvium 3 -
1EX 12-11-85  Dual-wall air rotary 777 - . - - - D,G,P
105 05-22-86 Rotary, bentonite 49.1 48.8 47.2 48.1 Basin fill 381 D
106 05-20-86 Rotary, bentonite 62.5 - - -- - --- -
107 12-14-88 Hollow-stem auger 22.6 19.2 14.9 19.3  Alluvium 1.5 D,G,P
201 10-05-84  Rotary, bentonite 18.6 18.6 17.6 18.5 Basinfill 3 CEG,J,PU
202 10-06-84  Rotary, bentonite 12.5 12.3 11.3 12.2  Alluvium 3 -
301 10-07-84  Rotary, bentonite 59.4 59.1 58.1 59.0 Basinfill 3 C,E,G,PU
302 10-08-84 Rotary, bentonite 36.0 35.8 34.8 35.7 Alluvium 3 --
303 10-08-84  Rotary, bentonite 14.6 144 134 143  Alluvium 3 D
3EX 12-17-85 Dual-wall air rotary 54.9 -- - -- -- --- D,G,P
3EX2 12-19-85  Dual-wall air rotary 36.6 - --- - --- --- ---
3EX3 01-09-86 Dual-wall air rotary 102.1 - - -- - -  G,P
304 05-24-86  Rotary, bentonite 48.8 303 28.7 29.6  Alluvium 274 D
401 10-09-84  Rotary, bentonite 344 342 33.2 34,1 Basinfill 3 CE,G,P
402 10-10-84 Rotary, bentonite 21.0 20.9 19.8 20.7 Alluvium 3 -
403 10-10-84 Rotary, bentonite 13.1 13.0 12,0 129  Alluvium 3 -
4EX 01-07-86 Dual-wall air rotary 73.2 .- .- - .- - D,GP
404 09-04-86 Cable tool 55.5 553 53.7 54.6 Basinfill 485 D
451 12-21-88  Hollow-stem auger 24.7 244 215 244  Alluvium 30 D,G
452 12-17-88  Hollow-stem auger 8.5 8.2 5.2 8.2  Alluvium 18 G,P
453 05-08-90 Hollow-stem auger 244 6.3 33 6.3  Alluvium 23 D,G,P
SEX 12-13-86  Dual-wall air rotary 89.9 - - - .- --  D,GP
501 05-22-86  Rotary, bentonite 17.1 17.0 154 16.3  Alluvium 152 D
502 05-22-86 Rotary, bentonite 38.1 38.0 36.5 374 Basinfill 326 D
503 05-22-86  Rotary, bentonite 73.2 25.3 234 24.1  Alluvium 198 D
504 07-24-86 Cable tool 69.5 69.2 67.6 68.6 Basin fill 640 D
505 12-17-88  Hollow-stem auger 22.2 21.6 15.5 21.6 Alluvium 1.5 D,GP
506 12-15-88 Hollow-stem auger 7.3 6.7 5.2 6.7 Alluvium 1.5 D,G,P
507 05-10-90 Hollow-stem auger 22.2 .- - - - — D,G,P
701 05-11-90  Hollow-stem auger 8.5 4.7 3.8 4,7 Alluvium 1.1 D
702 05-11-90  Hollow-stem auger 8.1 73 6.4 7.3  Alluvium 1.1 D,GP
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than 500 L of water from the next well before sam-
pling. Pump and column pipe were thoroughly drained
between wells. The 9.5-cm-diameter pump generally
was flushed with more than 75 L of water before sam-
pling. The 4.4-cm-diameter pump was drained between
wells and flushed with local tap water.

Surface-water samples were obtained using stan-
dard USGS sampling practices (Wood, 1976; and
Guy and Norman, 1970). Ground-water and surface-
water samples were processed, filtered, acidified, and
preserved when appropriate at the site immediately
after sampling.

Analytical Methods and Quality Assurance

Most ground-water samples were analyzed at the
USGS National Water-Quality Laboratory (NWQL)
or by Kenneth G. Stollenwerk, USGS National
Research Program (NRP). Robert W. Puls of the
USEPA analyzed samples in June 1988 and March
1989 to study the effect of filter pore size, discharge,
and atmosphere on concentrations of selected
constituents (Puls and others, 1990). Stollenwerk,
Puls, and NWQL analyzed most metals using
inductively coupled plasma atomic-emission spec-
trometry. Methods are described by Fishman and
Friedman (1989). Linda Faires (USGS) analyzed
selected surface-water and ground-water samples
collected in 1989 using inductively coupled plasma-
mass spectrometry. Data quality was assessed by
submitting duplicate samples (about 25 percent of
all samples were sent to at least two laboratories), by
comparison with previous analyses for the same or
similar sites, by computation of ionic balance, and
by evaluation of blind samples submitted to each
laboratory.

GEOHYDROLOGY

The geohydrologic characteristics of the Pinal
Creek Basin are the result of past geologic events, past
and present climates, and human activities over the last
100 years. The movement, storage, and chemical
nature of ground water are controlled mainly by rock
lithology and basin configuration. Climate, especially
the amount and distribution of rainfall, determines the
quantity and frequency of large surface-water flows
and subsequent ground-water recharge. Because the
area is semiarid, most of the drainages in the basin are

dry but may convey large amounts of storm runoff
during and after severe storms. Streams in the foothills
of the Pinal Mountains also flow during and following
snowmelt in late winter and early spring. Infiltration
through permeable stream alluvium (fig. 3) is a major
pathway for recharge to the regional aquifer, which
occupies about 170 km? within Pinal Creek Basin.

In the northern part of the basin, the aquifer
becomes constricted by impermeable rocks and Pinal
Creek flows perennially from near Horseshoe Bend
Wash to Inspiration Dam and beyond to the Salt River
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(fig. 3). The exact point at which perennial flow
appears varies in response to changes in climate,
particularly rainfall. From 1988 to 1989, the head of
flow migrated 600 m downstream. By November 1991,
the head of flow was about 4.5 km south of Inspiration
Dam. Ground water and surface water provide physical
pathways for contaminant movement in the study area.

Rocks in Pinal Creek Basin range in age from
Precambrian to Holocene. The regional aquifer is
bounded laterally and at depth by impermeable rocks
that range in age from Precambrian to Tertiary. Block
faulting in the Tertiary and Quaternary Systems created
the graben into which basin fill and stream deposits
accumulated. Basin-fill sediments, which are Tertiary
to Quaternary in age, and stream alluvium, which is
Quaternary to Holocene in age, compose the regional
aquifer. Basin-fill deposits are known locally as the
Gila Conglomerate. Heindl (1958), however, showed
that basin fill in the Globe area includes sediments not
equivalent to sediments in the type section of the Gila
Conglomerate (Gilbert, 1875), which is east of the
study area.

The present basin configuration was created by
crustal expansion that began 19 to 15 million years
(m.y.) ago and continued until about 8 m.y. ago. This
event was characterized by high-angle block faulting
associated with basin subsidence, and the deposition of
basin fill. Subsequent downcutting of the basin fill has
created the present topography.

Deposits of Precambrian to Tertlary Age

The following discussion is summarized from
Peterson (1962, pl. 1, 7), who described in detail the
geology and mineral deposits of the area. Rocks of
Precambrian age include schist, diorite, granite,
conglomerate, quartzite, limestone, and basalt. These
deposits are widely exposed in the hills and mountains
throughout the study area. Rocks of Paleozoic age
include quartzite, limestone, and shale. Rocks of
Mesozoic and Cenozoic age are mainly intrusive and
include granite, granodiorite, diabase, and monzonite,
all of which are Cretaceous or Tertiary in age. Rocks of
Mesozoic and Cenozoic age are exposed in the hills
and mountains north of Globe and Miami. Although
impermeable in most areas, locally these rocks yield
water to wells. Nine wells produced water from the
limestone unit(s) of Paleozoic age that underlie basin-
fill deposits north of Central Heights between Miami

Wash and Pinal Creek (fig. 1, this report; Rouse, 1983,
p. A—29 through A-31).

Permeability was measured in “crystalline bed-
rock” in the Lower Oxhide pit west of Miami through
the use of pressure tests. Hydraulic conductivity in one
set of holes was estimated to range from 0.008 to
0.014 m/d (Rouse, 1981, p. 46) but was negligible in
“a number” of other holes. Earl (1973, p. 89) estimated
the hydraulic conductivity of fractured rock in the
Copper Cities (now called the Sleeping Beauty) pit
area to be 0.15 m/d on the basis of flow-net analysis of
a seepage area in the pit. He estimated the maximum
storage coefficient to be 0.06 in fractured material at
the open-pit face.

The igneous and metamorphic rocks include a
major body of copper porphyry ore that was formed by
downward percolation of ground water, which leached
metals from sulfides in the capping material and rede-
posited the metals into the host rocks, which are com-
posed mainly of granite and schist (Peterson, 1962,

p. 83). Ore minerals, which were originally deposited
as sulfides, are disseminated in the granite mass and are
enriched locally in abundant small quartz-filled veins.
Chalcocite, chalcopyrite, and pyrite predominate in the
deeper parts of the ore body. Chrysocolla, malachite,
and azurite predominate in the upper, oxidized zone of
the ore body.

Deposits of Tertiary and Quaternary Age

Sediments and rocks of Tertiary and Quaternary
age include Whitetail conglomerate, basalt, granite,
dacite, stream alluvium, and basin fill. The dacite,
basalt, and Whitetail conglomerate are Tertiary in age
and are older than the basin fill and alluvium (Peterson,
1962, p. 36, 38). The dacite and basalt are exposed in
the hills and mountains north of Globe and Miami.
Granite of Tertiary age is exposed southwest of
Miami. Whitetail conglomerate is exposed about
2 km northwest of Webster.

Basin-Flil Deposits

Basin-fill deposits are widespread in the Pinal
Creek Basin and overlie older rocks from the valley
floor to the fronts of the mountains and hills. In most
places, the boundary of the aquifer coincides with the
boundary of basin fill with older rocks. Locally, for
example along Pinal Creek south of the mouth of
Miami Wash, the boundary of the aquifer is the contact
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between stream alluvium and older rocks. In the
southeastern part of the study area, basin fill extends
eastward into Cutter basin.

Basin fill is underlain by the rock types exposed in
the hills and mountains that bound the basin. In much
of the basin, especially where the aquifer generally is
thick, the rock type at a particular location is unknown.
Just west of the Globe Hills, basin fill is underlain by
diorite that is Precambrian in age. Beneath Bloody
Tanks Wash, the basin fill is underlain by schist that is
Precambrian in age.

Basin fill generally is thinnest along the margins
and thickens to more than 1,000 m in the central part
of the basin. Basin fill is about 600 m thick beneath
Bloody Tanks Wash (Peterson, 1962, pl. 2) and thick-
ens to more than 1,220 m about 0.5 km south of Bloody
Tanks Wash (Peterson, 1962, p. 41). Basin fill overlies
a shallow ridge of crystalline rocks about 1 km south of
the mouth of Miami Wash. Basin fill at this location
decreases in thickness from 260 m to about 120 m over
a horizontal distance of 580 m (D.L. Igou, Cities
Service Oil Company, written commun., 1967). At the
mouth of Miami Wash, basin fill is less than 100 m
thick and about 1 km wide. Between the mouth of
Miami Wash and Horseshoe Bend Wash, the unit
reaches a maximum width of 8 km. North of Horseshoe
Bend Wash (fig. 3), the aquifer is constricted laterally
and at depth by impermeable rocks; and at Inspiration
Dam, the aquifer is truncated by volcanic rocks.

Basin fill, which is derived from rocks of the
surrounding mountains, ranges “from completely
unsorted and unconsolidated rubble of angular blocks
as much as 4.5 m in diameter, to well-stratified deposits
of firmly cemented sand, silt, and gravel containing
well-rounded pebbles and cobbles” (Peterson, 1962,
p. 41). The character of the deposits at a given spot
reflect the distance traveled and mode of deposition.
The contact between basin fill and older material is
unconformable.

On the flanks of the Pinal Mountains, basin fill
includes alluvial-fan deposits composed mainly of
diorite and schist. North of Globe, basin fill includes
fragments of basalt, limestone, quartzite, and con-
glomerate of Precambrian age and dacite and diabase
of Paleozoic age (Peterson, 1962, p. 41). The relative
amounts of each type of fragment varies from place
to place. Carbonate content of the basin fill is about
1.5 percent (Eychaner, 1989, p. 570). Along Miami
Wash and Pinal Creek, samples of shallow basin-fill
material obtained during observation-well drilling

typically contained more than 80-percent sand and
gravel by weight.

Hydraulic conductivity of basin fill is estimated
to range from 0.03 to 0.05 m/d on the basis of aquifer
tests done by Envirologic Systems, Inc. (1983), and
depends on whether confined or unconfined conditions
are assumed, and on the estimated aquifer thickness
(Hydro Geo Chem, Inc., 1989, p. 45). Two aquifer
tests done by Cities Services Company south of the
mouth of Miami Wash yielded estimates of hydraulic
conductivity between 0.1 and 0.2 m/d (C.G. Taylor,
Environmental Engineer, Magma Copper Corpora-
tion., written commun., 1987).

The storage properties of basin fill have not been
measured. Freethey and others (1986), however, stud-
ied similar deposits in nearby basins and provided
information that was used to characterize aquifer-
storage properties at Pinal Creek. Basin-fill deposits
studied by Freethey and others (1986) were deposited
at about the same time and under similar tectonic con-
ditions as deposits in Pinal Creek Basin. Freethey and
others (1986, sheet 1) found that the storage properties
of basin fill were controlled mainly by average particle
size. Freethey and others (1986) designated basin fill as
being either coarse, intermediate, or fine grained and
estimated the range in specific yield of each type of
deposit. Basin fill in Pinal Creek Basin ranges in size
from boulder to clay but is composed predominately of
fine sand to silt-sized material. This size distribution
would place these deposits into the intermediate grain-
sized facies, in which specific yield ranges from 5 to
25 percent (Freethey and others, 1986, sheet 1).

Stream Alluvium

Unconsolidated stream alluvium overlies the basin
fill along Miami Wash, Pinal Creek, and other major
drainages (fig. 3). The alluvium is from 300 to 800 m
wide and is less than 50 m thick. A thin veneer of
alluvium covers much of the basin fill but generally
is not shown on published geologic maps.

The alluvium contains poorly sorted, subangular
to subrounded cobble- to clay-sized material (Hydro
Geo Chem, Inc., 1989, p. 22) although sand- to gravel-
sized material is most abundant. Drill cuttings from
observation wells (fig. 3) typically contained greater
than 90-percent sand and gravel by weight; auger
samples indicated the presence of silt or clay beds sev-
eral inches thick. Uncontaminated alluvium contains
about 0.3 percent calcite (Eychaner, 1989, p. 567).
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Where the plume is acidic, all the calcite in the
alluvium has been completely dissolved through reac-
tion with acidic ground water. Drill cuttings of allu-
vium along Russell Gulch typically contained 75- to
98-percent sand and gravel. Sand-sized particles con-
tained mainly quartz, feldspar, and lesser amounts of
mica and a variety of rock fragments. Gravel-sized
material consisted mainly of rock fragments of granite,
volcanic rocks, and schist. Alluvium contains interbed-
ded clays and lenticular clay layers that were as much
as 12 m thick at Nugget Wash, 0.5 km north of the
mouth of Negro Wash, and in the southwestern part of
the Kiser area. Particle-size analyses of drill cuttings
indicate that these lenticular clay layers thin toward the
center of the basin (Hydro Geo Chem, Inc., 1989,

p. 27) and extend an indeterminate distance in length
parallel to the axis of the basin.

The effective hydraulic conductivity of the
alluvium between well groups 400 and 500 was
estimated to be 260 m/d by applying Darcy’s law
to observed outflow, water-level gradients, and the
cross-sectional area of the alluvium perpendicular
to the direction of flow (Neaville, 1991). Hydro
Geo Chem, Inc. (1989, p. 47) obtained hydraulic-
conductivity values for the alluvium that ranged from
150 to 220 m/d from aquifer tests done in the Kiser area
and along Pinal Creek north of the mouth of Miami
Wash. These tests yielded estimates of specific yield
that ranged from 0.20 to 0.22.

Estimates of specific yield of the alluvium also
were obtained using the temporal-gravity technique
(Pool and Eychaner, 1995). Gravity surveys in the
basin were done on four occasions between February
1991 and March 1993, during which time
ground-water levels were gradually rising. During each
survey, gravity was measured at USGS observation
wells and at two bedrock stations, and water levels
were measured at the observation wells. On the basis
of observed gravity changes and water-level rises,
average specific yield was estimated to range from
0.16 to 0.21. Variations in specific yield were related
mainly to variations in lithology. Smaller values of
specific yield generally were associated with sandy,
silty, or low-porosity intervals (Pool and Eychaner,
1995, p. 431).

Occurrence and Movement of Ground Water

Anderson and others (1992, p. 39) described the
hydrologic setting of alluvial basins in Arizona in

terms of annual unit downvalley-flow rates. Under
this scheme, Pinal Creek Basin is classified as a
multiple source-sink group, in which the basin
response to ground-water pumping depends on

the location and magnitude of recharge, natural
discharge, and pumping. Rainfall and snowmelt
provide uncontaminated water to Pinal Creek Basin;
no surface streams or adjacent ground-water bodies
deliver water into the study area.

Ground water in rocks of Precambrian to Tertiary
age generally is restricted to intensely fractured and
(or) faulted areas. Elsewhere, these rocks are imperme-
able. In the Globe Hills, precipitation enters the sub-
surface through faults and joints mainly in shale and
quartzite formations associated with the Old Dominion
vein fault (Peterson, 1962, p. 44, Beckett, 1917, p. 41).
This water was intercepted by mining operations in the
eastern part of the Old Dominion Mine. Beckett (1917)
noted that the mining of successively lower levels of
the mine drained this water from the overlying level.
Because this water was encountered only as mining
proceeded to the east, it is doubtful that before mining
these fracture zones were hydraulically connected to
basin fill or stream alluvium to the west. Limestone
units of Paleozoic age underlie basin fill between
Miami Wash and Pinal Creek northwest of Globe and
yield usable quantities of water to wells. The degree of
hydraulic interconnection between these units and
basin fill is unknown.

Ground water in basin fill flows generally north-
ward from the flanks of the Pinal Mountains and west-
ward from the Apache Peak alluvial fan (fig. 3). On
the basis of measured tritium concentrations, water in
shallow alluvium near recharge areas (well 10) was
recharged less than 40 years ago; however, uncon-
taminated water in basin fill (well 404) underlying the
contaminant plume probably is more than 40 years old.
Most ground water in basin fill that is not withdrawn
by wells eventually moves upward into the stream allu-
vium, discharges to the perennial reach that originates
north of Horseshoe Bend Wash (fig. 3), and exits the
basin as surface flow at Inspiration Dam. Evapotrans-
piration is estimated to account for between 20 and
25 percent of ground-water outflow (Neaville, 1991,
p. 58). Most rainfall or snowmelt that does not
evaporate or run off recharges the aquifer through
stream alluvium in main channels and tributaries. In
addition to basin-scale movement of water between
alluvium and basin fill, pumping-induced gradients can
cause the local-scale movement of ground water either
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upward or downward. A ground-water divide extends

from Globe southward to the Pinal Mountains. East of
the divide, which may be caused by a fault along Pinal
Creek (Hazen and Turner, 1946, p. 24), ground water

flows generally eastward into the Cutter basin.

From about 1942 through May 1988, seepage from
Webster Lake (fig. 1) contributed flow to the regional
aquifer. Lake water leaked through coarse leach-plant
discard material and the alluvium of Webster Gulch,
moved downgradient, and entered the regional aquifer
near the confluence of Russell Gulch and Bloody
Tanks Wash. Flow from Webster Gulch for 198788
was estimated to be between 0.04 and 0.08 m®/s
(Hydro Geo Chem Inc., 1989, p. 50).

Water levels have been monitored in observation
wells that were drilled along Miami Wash and Pinal
Creek between 1984 and 1992 (fig. 2). Seasonal and
other variations in recharge caused rapid water-level
changes even in wells that are more than 50 m deep.
Water levels along Miami Wash and lower Pinal Creek
rose 1 mor less from 1984 to 1985 but dropped steadily
from 1986 to 1990 in response to (1) less-than-average
rainfall in the basin; (2) the draining of Webster Lake
by May 1988, which was a significant source of water
to the regional aquifer; and (3) increased pumping in
the Kiser area for the purpose of remediation. The
water-level decline generally decreased downstream.
Water-level declines from 1986 to 1990 were 17, 10,
and 1 m at sites 100, 400, and 500, respectively. During
early 1991, water levels rose in all observation wells
in response to larger-than-average amounts of precipi-
tation that fell during winter and spring. The greatest
water-level increase was 9 m in 3 months at well 10.
Beckett (1917, p. 41) reported a similar rise of 12 m
in 3 months near Globe in 1915.

At each site, the lowest head generally is near the
contact between the basin fill and alluvium; higher
heads were measured in both deeper and shallower
wells. Such a head distribution probably is caused by
preferential flow of water into coarse, highly perme-
able material near the base of the alluvium. At sites
100, 400, and 500, the highest head is in the deepest
well. Differences in head between wells at a site were
less than 0.5 m. The horizontal hydraulic gradient
along Miami Wash and Pinal Creek is about 0.008.
Using the estimated hydraulic conductivity of 260 m/d,
the observed slope of 0.008, and an estimated porosity
of 25 percent, the average linear ground-water velocity
is estimated to be about 8 m/d.

Occurrence and Movement of Surface Water

Streams in most of the basin are dry except
following periods of intense or prolonged rainfall. The
direction of flow in tributaries is mostly northward and
eastward to Pinal Creek, which flows in a north- to
northwest-trending direction to the Salt River. Pinal
Creek is perennial for about 6 km upstream from
Inspiration Dam to the mouth at the Salt River. In most
years during late winter and spring, snowmelt produces
flow in streams on the flanks of the Pinal Mountains.
During years of greater-than-average snowfall in the
Pinal Mountains, flow may be uninterrupted from the
Pinal Mountains to Inspiration Dam for a period of
weeks. Hazen and Turner (1946, p. 25) measured a net
flux of flow from streams to the aquifer on the flanks
of the Pinal Mountains. In the spring of 1989,
following a dry winter, Neaville (1991) measured a
total of 0.03 m%/s of streamflow in six tributaries
underlain by granitic rock. The entire flow infiltrated
stream alluvium just north of the fault contact between
the basin fill and crystalline rocks.

Webster Lake

Webster Lake was at the confluence of Webster
Gulch and Lost Gulch about 3 km north of Miami
(fig. 1). After 1926, leach-plant discard material was
dumped from rail cars along the south edge of Webster
Gulch and formed a slope at the angle of repose. The
material had been crushed to less than 1 cm in diameter
but was not as fine as concentrator tailings. One or
more landslides blocked the channel at a point where
the drainage area was about 36 km?. These deposits
later were extended across the whole valley. The lake
was formed in 1941 (Timmers, 1986, p. 3) and was
present in aerial photographs taken January 23, 1942
(T.A. Conto, Senior Project Engineer, Cyprus Miami
Mining Corporation, oral commun., October 6, 1988).
Lake stage was controlled by a tunnel that later was
blocked. The lake was drained by order of the USEPA
in 1986, and by May 1988, the lake was completely
dry.

The capacity of Webster Lake was estimated
from topographic maps made after the lake was
drained (Cooper Aerial Survey Co., 1989). USGS
topographic maps from 1947 show the lake area to
be 104,000 m? in December 1945, which corresponds
to a calculated volume (using the 1989 maps) of
480,000 m>. In this study, the maximum area and
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volume of the lake was calculated to be 462,000 m?,
and 7.15 million m?, respectively. Gilkey and Beckman
(1963), however, reported an area of 526,000 m? at an
unknown elevation.

Spills of acidic lake water occurred when intense
or prolonged rainfall caused the lake to overflow.
Records of spills are nonexistent for the 1940’s
through the 1960°s, but during the late 1970’s and
1980’s, the lake overflowed on more than eight occa-
sions. Perhaps the most prolonged spill of lake water
occurred from January 16 to January 30, 1978, when
the lake flowed at a maximum discharge of 0.69 m’/s
and had a pH as low as 2.57.

Webster Lake was used in the production of copper
(Cu) to store water from many sources until it was
needed again. These waters generally were acidic
with large concentrations of metals (Timmers, 1986,
p. 17-22). The largest volumes of water came from the
dewatering of underground or open-pit mines, and
from iron launders, in which Cu was recovered by
precipitation in a solution containing scrap iron.

The solution also contained about 2,000 and

7,000 mg/L of dissolved sulfuric acid (H,SO,4) and
iron (Fe), respectively (Hardwick, 1963, p. 59).
Launder solutions were first produced by ICCCo in
1941 from water that drained into their underground
mine and became acidic during unforced leaching
(Central Arizona Association of Governments, 1983,
p. 27). In 1944, the electrolytic precipitation plant was
destroyed by fire, and iron launders were used exclu-
sively for about 1 year. In 1950, intentional leaching
of caved areas was begun above the mine (Honeyman,
1954). The leach water came from Webster Lake,
which had a pH of 2.5 and contained at least 10 mg/L
of ferrous iron (Fe). Inspiration’s vat and in-situ
leaching iron-launder facilities were closed in 1974 and
1981, respectively (Timmers, 1986, p. 18-22). The
iron launders were replaced by a solvent-extraction
plant that began operating in 1979 (Central Arizona
Association of Governments, 1983, p. 52).

Analyses of lake water, which were collected from
the mid-1970’s until the lake was drained, indicate
that the pH of lake water was between 2 and 3.
Concentrations of dissolved Fe and sulfate (SO,)
were greater than 2,000 and 19,000 mg/L, respectively
(see chapter D, this report).

Perennial Streamfiow

The aquifer is constricted laterally and at depth
near site 500 (fig. 2) north to Inspiration Dam. In 1992,

ground-water discharge to the surface sustained peren-
nial flow from about 1 km below site 500 to Inspiration
Dam at the basin boundary and beyond to the mouth of
Pinal Creek. Streamflow measurements made during a
period of base flow in March 1990 indicate that about
40 percent of base flow surfaces in the first 600 m

of the perennial reach (Faires and Eychaner, 1991).
Ground-water levels and the point at which perennial
flow begins are controlled by variations in precipita-
tion, ground-water withdrawals, and the removal of
contamination sources. From 1987 through 1990, rain-
fall in the basin was 80 percent of normal and the head
of flow migrated about 700 m downstream. Following
record streamflows in the winter of 1992—93, the head
of flow moved about 1 km upstream.

Discharge and water quality have been monitored
since 1979 on Pinal Creek at the streamflow-gaging
station at Inspiration Dam (figs. 3 and 4). During
1981-91, average discharge at Inspiration Dam was
0.31 m?s and includes ground-water discharge and
direct runoff. Ground-water discharge to the perennial
reach varied from 0.21 to 0.28 m?/s from 1980 to
1989. Streamflow diversions and ground-water with-
drawals from stream alluvium at Pringle pump station,
about 2 km upstream from Inspiration Dam, averaged
0.09 m%/s during 197985 and 1988-89. Dissolved-
solids concentration in streamflow gradually increased
from 1979 through 1988 but decreased slightly from
1989 through 1991.

Discharge measurements made concurrently
with water-chemistry samples at Pinal Creek at Setka
Ranch provided limited information on the nature
of base flow near the head of perennial flow. All
discharges and water samples were measured and
collected when no ephemeral flow was contributing
to the creek. Superimposed on the long-term trend
of decreasing discharge was a yearly cycle in which
minimum discharges occurred generally during the
summer, and maximum discharges occurred during
the winter. The minimum discharge measured in 1988
was 29 percent below the average of the maximum
discharges measured during the preceding and follow-
ing winters. The long-term decrease is accompanied by
downstream movement of head of flow and declining
ground-water levels, all of which are controlled by
variations in fluxes in the upper part of the basin.
Chloride (Cl), a conservative constituent in the flow
system at Pinal Creek, changed little during 1988, indi-
cating that the yearly variation in flow probably is not
related to increased evapotranspiration during summer
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Figure 4. Instantaneous discharge and concentrations of dissolved solids and dissolved manganese, Pinal Creek
at inspiration Dam, 1979-91.
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months. The decrease may be caused by increased
withdrawals for stock and domestic use in the area or
may reflect seasonal variations in local recharge.

Water Chemistry

Although uncontaminated water was present
throughout Pinal Creek Basin before development,
quantitative evidence is limited to describe that water.
Ground water in recharge areas of alluvial basins in
Arizona typically is a calcium bicarbonate type, has
a pH from 6.9 to 7.4, and is nearly saturated with
dissolved oxygen (Robertson, 1991, p. 22-23). The
average composition of such water in seven basins
totaled about 500 mg/L dissolved solids, and
included 21 mg/L of SO, and 44 mg/L of silica
(SiO,). Before major mining operations began in the
Miami-Inspiration ore body, wells 1 km south of the
mouth of Miami Wash yielded “large quantities” of
potable water (Daily Silver Belt, September 8, 1912,
p. 5).

Precipitation about 100 km southeast of the basin
had a mean dissolved-solids concentration of less than
3 mg/L and a mean pH of 5.5 in 1989 (National Atmo-
spheric Deposition Program, 1990, p. 72). Uncontami-
nated water in the basin has a near-neutral pH and
contains less than 300 mg/L dissolved solids (table 2).
Hazen and Turner (1946) sampled streamflow on the
northern slopes of the Pinal Mountains in April 1945.
Median dissolved-solids concentration of five samples
was 105 mg/L (table 2). Ground water from uncontam-
inated parts of the aquifer along the central parts of the
basin contained no more than 300 mg/L dissolved
solids from 198687 (Eychaner and others, 1989).

Locally, water from fractures in mineralized areas
may naturally contain more than 2,000 mg/L dissolved
solids. Beckett (1917) recognized two distinct waters
in the Old Dominion Mine, which was plagued by
water problems throughout most of its active life.
Water that Beckett called “Westside” water was low in
dissolved solids and was similar to water found today
in uncontaminated basin fill and alluvium. This water
entered the mine from basin fill to the west where
mine adits intercepted fractures in underlying dacite.
“Eastside” water was intercepted by workings in the
mine as drifts were extended eastward into the Globe
Hills. This water came from fractures and faults in
shale and quartzite formations (Beckett, 1917). The
temperature of the water was 32°C (Beckett, 1917,

p. 41) and contained about 2,300 mg/L dissolved
solids (Peterson, 1962, p. 44).

Contamination sources in the basin generally were
acidic and contained large concentrations of metals
such as Fe and Cu. Webster Lake, a major source of
contamination, was a mixture of water from the mining
process, wastewater, and natural water. Samples of
lake water taken sporadically during the 1970’s and
1980’s indicate that the lake was consistently acidic
and contained large concentrations of metals and SOy,
although concentrations varied horizontally, vertically,
and temporally. From 1981 through 1988, pH at and
near the lake surface varied from 2.4 to 2.8 (Arthur,
1987a). From 1976 to 1988, concentrations of mea-
sured SO, ranged from 13,000 to 39,000 mg/L.
Concentrations of dissolved Fe were larger than
2,000 mg/L (Arthur, 1987a), and concentrations of
other metals generally were greater than 100 mg/L.

Wells drilled into Webster Gulch alluvium down-
gradient from Webster Lake yield water similar in
chemical composition to water in the lake (table 3). In
May 1989, water from Webster Wash Dewatering
Well 3 (WWDW3) had a pH of 3.4, a specific conduc-
tance of 13,100 uS/cm, and concentrations of SO, and
Fe of 13,200 and 4,270 mg/L, respectively. Although
still acidic, water from well 51 contained smaller con-
centrations of many constituents than did water from
WWDW3. The major process retarding acidic water
movement is dissolution of calcite from the aquifer,
which raises solution pH and causes most metals to
precipitate. Bicarbonate that occurs naturally in ground
water also provides some neutralization capacity. All
available calcite has been consumed for at least 15 km
along a ground-water flow path below the lake. At a
point 6 km from the lake, water at the base of the allu-
vium has a pH of 3.6 and elevated concentrations of
dissolved metals and SO, (fig. 5 and table 2). Silicate
minerals also neutralize ground water but at a slower
rate than calcite and bicarbonate (Stollenwerk, 1988).

The distribution of Fe in the aquifer is closely
related to pH, which controls Fe solubility. Stollenwerk
(1991) showed that attenuation of Cu, cobalt (Co), and
nickel (Ni) in column experiments was a function of
pH and could be quantitatively modeled by the diffuse-
layer surface-complexation model in MINTEQA2
(Allison and others, 1991). In addition, attenuation of
Cu, Co, and Ni along a flow path in the aquifer was
simulated reasonably well using the same model
and equilibrium constants as for the column data.
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Figure 5. Ground-water levels and concentrations of
iron and sulfate adjacent to Miami Wash.

Stollenwerk (chapter B, this report) provides details
of the significant reactions.

In the lower alluvium, pH increases gradually to
4.5 ata point 15 km from the lake, then increases more
abruptly within 2 km to 6.1 km at site 500. Neutralized
water from well 501 (table 3) had a pH of 6.1 in 1990
and contained concentrations of dissolved metals near
detection limits. Neutralized water is present at the
lateral fringes and below the acidic core of the plume.
Uncontaminated water is present in basin fill beneath
and adjacent to stream alluvium.

Neutralized water discharges along the entire
perennial reach. As carbon dioxide (CO,) degases and

pH increases downstream, black manganese (Mn)
oxide precipitates. From March 6 to March 8, 1990,
samples of streamflow and shallow ground water
collected at 11 sites showed that through the reach pH
increased 1.5 units, Mn decreased 80 percent, and
dissolved inorganic carbon decreased 45 percent. A
reaction-path model using the computer program
PHREEQE (Parkhurst and others, 1985) specified
CO, degassing, Mn precipitation, and calcium (Ca)
dissolution to represent pH, Mn, and inorganic-carbon
trends (Eychaner, 1991b). Water at the lower end of
the reach had a pH of nearly 8 and contained slightly
less dissolved solids than water from well 501.

MINING IN PINAL CREEK BASIN

Over the past century, the Globe-Miami Mining
District has been one of most productive mining areas
in the Nation. The total value of extracted minerals
since 1878 exceeds $1 billion mainly from Cu,
although other minerals have been mined in the
district. The settlement and development of the area
in large part was due to mining and related activities.

History of Mining

The history of mining in Pinal Creek Basin in
some ways also is the history of evolving technologies
to extract Cu from rock most efficiently. The technol-
ogies described below were used independently or in
combination at various times and in different mines in
the area. An awareness of the various technologies or
methods is important because of the different effects
each could have had on water chemistry in the basin.

Mining began in Pinal Creek Basin in 1878 with
the extraction of silver from the hills adjacent to Globe.
Silver ore from mines in the northern Globe Hills was
processed in a mill in the perennial reach of Pinal Creek
until 1882 (Ransome, 1903, p. 115). Cu production
began in 1881 and was followed by gold in 1896 and
molybdenum in 1938 (Peterson, 1962, p. 81). As of
1993, only Cu is mined, although the other metals
are recovered as byproducts (Greeley and Kissinger,
1990). Lead (Pb) was produced mainly from 1911
to 1953, and zinc (Zn) was produced intermittently
(Peterson, 1962). Mn has been mined intermittently
during periods of unusually high prices (Arizona
Bureau of Mines, 1969, p. 211-225).
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After an initial period when many companies were
active, three principal mining corporations extracted
ore in Pinal Creek Basin (Peterson, 1962). The Old
Dominion Copper Company produced Cu from 1882
until 1931 from a mine at the northwest edge of Globe
(fig. 1). The Miami Copper Company was organized
in 1907 and began production in 1911. ICCCo was
formed in 1912 and began production in 1915. The
Miami and Inspiration properties are adjacent proper-
ties just north of Miami (fig. 1). Miami Copper Com-
pany purchased the Old Dominion property in 1940,
Throughout the life of the district, many smaller com-
panies have operated for short periods and generally
were absorbed into the major firms. In July 1988, the
Inspiration property was sold to Cyprus Miami Mining
Corporation, which is the owner as of 1993. The Miami
property has had several owners since 1960 and as
of 1993, is operated by the Pinto Valley Division of
Magma Copper Company. This report will refer to
properties and companies by name as needed for
clarity.

Beginning in 1882, cuprite, malachite, chrysocolla,
and native Cu were mined from vein deposits on the
Old Dominion property (Ransome, 1903, p. 122—124).
Nearly all the ore produced until 1901 was from
oxidized minerals (Ransome, 1903, p. 120).

During 1912-14, Inspiration experimented with
ore concentration using froth flotation, and a large
concentrator went into operation in 1915 (Burch,
1916). Other companies also began using flotation.
Crushed ore was agitated in a water bath containing
reagents that selectively aggregated SO, minerals such
as chalcocite, which is the principal mineral in the ore
body (Peterson, 1962, p. 69). Air bubbled through the
bath and carried the mineral to a froth at the surface,
where it could be skimmed off.

Leaching of mixed oxide and SO, ores in tanks of
an acid ferric SO, solution began in 1926 at Inspiration
(Peterson, 1962, p. 84); Cu metal was produced by
electrolytic precipitation. Tank leaching produced
solutions containing 25 to 30 g/L of Cu, of which
about 5 g/L could be recovered by direct electrolysis
(Sheffer and Evans, 1968, p. 44; Hardwick, 1963,

p. 58). Inspiration chose to recycle solutions repeatedly
between leaching and electrolysis mainly because

the alternative, “precipitation with iron... means
difficulties in the disposal of large amounts of waste
liquor” (Van Arsdale, 1926, p. 59).

The Old Dominion mine closed in October 1931,
and Miami and Inspiration closed in May 1932 as

prices dropped in the early 1930’s. Miami Copper
remained closed for about 2 years, and Inspiration
was closed for about 4 years; however, Old Dominion
never reopened.

In 1941, Miami Copper began leaching residual
Cu from the caved-in areas of earlier underground
works, and Inspiration began a similar process in 1950
(Peterson, 1962, p. 85). Dilute H,SO, was sprayed
over the land surface and later collected from mine
tunnels below. The resulting solutions generally con-
tained 1 to 2 g/L of Cu (Sheffer and Evans, 1968, p. 11)
and were too dilute to precipitate Cu metal electro-
lytically (Hardwick, 1963, p. 56). At Inspiration,
similar solutions containing an average of 3.2 g/L of
Cu resulted from washing tank-leached ores before
discarding the solid residue (Hardwick, 1963, p. 59).

Cu was recovered from these weak solutions using
Fe launders (Sheffer and Evans, 1968, p. 32—44). The
Cu solution was passed over shredded scrap Fe, which
caused the Fe to dissolve and the Cu to precipitate as
a sludge containing 60- to 90-percent Cu (Central
Arizona Association of Governments, 1983, p. 39).

As the remaining ore grade decreased, Inspiration
began open-pit mining in 1948 in order to reduce costs
(Peterson, 1962, p. 85). In 1954, Miami Copper began
production by open-pit mining from an ore body that
averaged 0.5-percent Cu (Peterson, 1962, p. 85). Since
1954, open-pit mining has supplied all the ore from the
Inspiration property (Central Arizona Association of
Governments, 1983, p. 50).

In 1964, Ranchers Exploration and Development
Corporation began mining and heap leaching from
an ore body about 2 km west of Miami that was
bordered on three sides by Inspiration property. In
1968, Ranchers became the first company to operate
a commercial solvent-extraction plant to increase
concentrations of Cu in solution after leaching (Larson
and Henkes, 1970, p. 101).

In the solvent-extraction process, leach solutions
containing 1 to 5 g/L of Cu are mixed with an organic
solvent (Biswas and Davenport, 1980, p. 279). Cu ions
bind to the organic molecules and leave Fe, SO,, and
other constituents behind. The organic liquid contain-
ing Cu is then mixed with a second aqueous solution
at lower pH, which removes the Cu from the organic
molecules, resulting in a solution that contains from 40
to 50 g/L of Cu that can be precipitated electrolytically.
Miami Copper opened a solvent-extraction plant in
1976, and Inspiration opened a solvent-extraction plant
in 1979 (Central Arizona Association of Governments,
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1983). Ranchers ceased operations in 1982 and was
purchased by Inspiration in 1984 (Burgin, 1986, p. 73).
Although solvent extraction generally has replaced
iron launders for treatment of leach solutions, one
small company began operating an iron launder near
Miami in 1988 (Greeley and Kissinger, 1990, p. 72).

Sources of Contamination

Ground-water and surface-water contamination at
Pinal Creek is the cumulative result of decades of
large-scale mining on a number of properties. Because
of its size, length of existence, and hydrogeologic
setting, Webster Lake probably was the single biggest
source of contamination in the basin. Significant con-
tamination of water in the basin, however, was noted
before the existence of Webster Lake. A well field in
the Kiser area became acidic in the late 1930's. A well
field 1 km south of the mouth of Miami Wash similarly
became unusable in 1947, only 5 years after Webster
lake was known to exist. In the mid-1980°’s, USEPA
inspectors documented 47 wastewater, process-water,
and drainage impoundments associated with one mine.
Most of these impoundments were unlined, and some
drained into nearby washes (Arthur, 1986, p. 6). The
quantity of infiltration and intermittent spills from
impoundments at this and other mines is unknown.

Some mining methods have a greater potential to
affect water resources than others. During solution
mining, which began in the area in the 1940’s, H,SO,
was distributed over waste dumps and abandoned
underground mining areas (Hardwick, 1963, p. 46).
At another mine, water was pumped on mine dumps.
Following percolation, the solution was collected by
dams in natural drainage channels. In both instances,
some of the processed water probably percolated into
underlying materials and into the regional aquifer.

Runoff from tailings also is a probable source of
contamination. When crushed and placed in tailings
piles, sulfide minerals, of which pyrite is the most
abundant, react with water in the presence of air to
produce SO, and acidity, which often drains into

natural channels and ultimately to the regional aquifer.

Remedial Action

Remedial action began in the basin in the late
1970's as mining companies placed more emphasis on
control of surface impoundments. Inspiration began a

wastewater management program in 1979 (Timmers,
1986, p. 3) that was directed at reducing the volume
of wastewater in storage. Later actions were initiated
with the goal of removing contaminants already in the
aquifer.

The surface-drainage area contributing to Webster
Lake was decreased by a series of impoundments
beginning in 1979. After 1983, the original surface-
drainage area was reduced from 36 to 15 km?, After
1984, surface-drainage area was reduced to 6.4 km?,
and after 1986, it was reduced to 3.2 km? (R.A.
Prescott, ICCCo, written commun., 1987). As a
result of these impoundments, Webster Lake was
less susceptible to overflow in response to runoff
from intense or prolonged rainfall.

From March to December 1986, acidic ground
water discharged into low-lying areas in the Kiser
area. The USEPA determined that the major source of
this contamination was Webster Lake water that had
entered the regional aquifer through the alluvium of
Webster Gulch. The USEPA considered these flows to
be discharges of pollutants from a point source to the
waters of the United States, and in 1986 issued an order
under the Clean Water Act to ICCCo to eliminate the
sources of contamination, remove contamination
already in the aquifer, and monitor water chemistry
(Arthur, 1986). The administrative record leading to
the order and its successive revisions includes informa-
tion on the history of contamination sources. Arthur
(1987b) summarized the evidence supporting the order
and included two subsequent modifications of the
required actions. Studies on which remediation work
was based were described by Hydro Geo Chem, Inc.
(1989).

Webster Lake was drained beginning in late 1986
and was completely dry by June 1988 (Hydro Geo
Chem, Inc., 1989, p. 8). When remediation began, lake
volume was about 4.4 million m? (table 4). Most of the
water was spread on 1.8 km?of inactive tailings piles to
evaporate, and some water was used for dust control or
process-makeup water. As the lake was being drained,
five wells were drilled through overlying tailings into
the alluvium in Webster Gulch to prevent additional
contamination to the regional aquifer. Water from the
wells was spread on tailings to evaporate.

Wells also were completed in the plume along
Miami Wash and Lower Pinal Creek to remove con-
taminated water from the aquifer. In May 1987, the
first of nine production wells was drilled in the Kiser
area for this purpose. Contaminated water also was
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Table 4. Elevation and volume of Webster Lake, Arizona,1966—88

[Prior to August 1986, dates of measurements are unknown)

Volume, Volume, Volume,
In cublc in cubic in cublc
Elevation, meterstimes Elevation, meters times Elevation, meters times

Date in meters 1,000 Date in meters 1,000 Date in meters 1,000
- —66 1,122.6 5,160 - -86 1,122.0 4,180 10-31-87 1,107.1 930
- 67 1,121.1 4,600 08-18-86 1,120.6 4,410 11-24-87 1,106.0 776
-~ 68 1,122.9 5,320 09-22-86 1,120.6 4,410 12-01-87 1,105.6 722
- 69 1,122.0 4,960 10-13-86 1,120.5 4,370 01-04-88 1,103.8 499
- =70 1,120.1 4,220 11-17-86 1,119.8 4,110 01-11-88 1,103.4 454
- =71 1,119.5 4,000 12-31-86 1,118.9 3,780 01-19-88 1,103.0 416
- =75 1,115.0 2,550 01-31-87 1,118.32 3,580 02-23-88 1,101.5 285
- 80 1,1253 6,360 02-28-87 1,117.82 3.410 02-29-88 1,101.0 246
- 81 1121.1 4,600 02-30-87 1,116.2 2,890 03-07-88 1,100.4 202
- 82 1,119.8 4,110 06-01-87 1,115.0 2,550 03-15-88 1,099.3 129
- -83 1,120.7 4,450 06-30-87 1,113.6 2,200 04-01-88 1,098.0 59
- -84 1,123.2 5,450 07-31-87 1,112.0 1,820 04-29-88 1,095.6 6.2
- -85 1,122.6 5,200 08-31-87 1,1104 1,480 06-13-88 1,094.7 0

pumped from a drift that extends into basin fill beneath
Miami Wash about 1 km south of Pinal Creek. This
water was neutralized with ammonia and pumped out
of the basin to the Pinto Valley Division of Magma
Copper Company. In addition, wells were installed
along the alluvium between well sites 400 and 450 in
order to remove contaminated water near the acidic
front of the plume.

This remediation, combined with variations in
rainfall, had significant effects on both water levels and
contaminant concentrations in the Kiser area (fig. 1)
and along lower Pinal Creek. The saturated thickness
of the alluvium in the Kiser area decreased by much as
50 percent between 1986 and 1991. From 1991 to
1993, recharge from rainfall and melting snow raised
water levels as much as 18 m (fig. 5). Concentrations
of dissolved Fe at sites S0 and 100 decreased by more
than two-thirds and one-third, respectively, from 1986
to 1992 (fig. 5). The chemical changes observed in
water in resaturated sediment provide a more complete
model of short-term cleanup effects. Samples were
collected in May 1991 from six wells that had been
completely dewatered. In resaturated alluvium at site
400, pH remained at about 4 following rewetting, but
concentrations of dissolved metals decreased. Fe
decreased from 36 mg/L before drying to 0.07 mg/L
following resaturation. Over the same time, SO,

decreased from 2,000 to 100 mg/L. Most other
constituents exhibited similar declines.

SYNOPSIS OF RESEARCH ELEMENTS

Research at the Pinal Creek toxics site has been
ongoing since 1984 and has involved hydrologists and
other scientists from the USGS, the USEPA, and
several universities. The following chapters of this
volume summarize the results of research on plume
geochemistry, the role of colloids in contaminant
transport in the plume, surface-water chemistry, and
oxide precipitation on streambed material in the
perennial reach.

Stollenwerk (chapter B, this report) presents
a detailed analysis of ground-water geochemistry.
Stollenwerk characterized the major reactions and
processes that accompany the neutralization of acidic
ground water including acid-base and oxidation-
reduction reactions and sorption phenomena through
the results of column experiments and computer
geochemical models. Fe is oxidized and precipitated
as Mn is reduced. The distribution of Co, Cu, and
Ni in the aquifer are controlled by sorption to Fe
hydroxide precipitates. Ficklin and others (1991a)
determined solid-phase associations of Cu, Mn, Zn,
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Ca, Al, and SO, in the subsurface through the use of
sequential extractions.

Colloid transport was found to be unimportant in
the acidic core of the contaminant plume (Puls and
others, 1990, 1991). Puls (chapter C) presents the
results of column experiments using Pinal Creek
aquifer material. Puls determined conditions that favor
colloid-facilitated transport of inorganic contaminants
include low ionic strength, a pH range in which the
colloids are stable, and increased surface charges
caused by adsorption of certain ions onto the colloidal
surface. In these tests, colloids were transported under
favorable conditions more than 21 times faster than
arsenate, a reacting contaminant. Because contami-
nated water at Pinal Creek has a large ionic strength
and contains large concentrations of SOy, colloids
probably do not play a significant role in transport at
the site, even in neutralized parts of the plume.

Surface water in the basin includes runoff and
ground-water discharge, which vary considerably in
discharge and chemistry. Brown and Eychaner

(chapter D) describe the distribution of major and
trace elements in surface water in the basin. As neutral-
ized, contaminated ground-water discharges to the
perennial reach of Pinal Creek, it equilibrates with the
atmospheric gases. In the stream, concentrations

of carbon dioxide decrease, and concentrations of
dissolved oxygen increase. At the same time, pH rises
from about 7 to 8. These reactions were simulated
using the geochemical model PHREEQE (Parkhurst and
others, 1985).

The rise in pH along the perennial reach of Pinal
Creek results in the precipitation of Mn oxide minerals
on the streambed. In chapter D, Lind and Hem explore
the sequential precipitation of Fe and Mn oxides on
streambed sediments along the perennial reach of Pinal
Creek. The black Mn oxides are composed primarily of
rancieite and takanelite, and other minerals of varying
stability. Although trace metals, such as Cu, Ni, Zn,
and Pb, prefer Fe rather than Mn oxides, the latter are
the primary trace metal scavengers because Mn oxides
are more abundant than Fe oxides in the streambed.
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Chapter B

Simulation of Reactions Affecting Transport
of Constituents in the Acidic Plume,

Pinal Creek Basin, Arizona

By Kenneth G. Stollenwerk

Abstract

Acidic water from a copper-mining area has
contaminated an alluvial aquifer and stream in the
Pinal Creek Basin near Globe, Arizona. The most
contaminated water has a pH of 3.3 and contains
more than 100 millimoles per liter of sulfate,

50 millimoles per liter of iron, 11 millimoles per
liter of aluminum, and 3 millimoles per liter of
copper. Reactions between alluvium and acidic
ground water were first evaluated in laboratory-
column experiments. A geochemical model was
developed and used in the equilibrium speciation
program, MINTEQAZ2, to simulate breakthrough
curves for different constituents from the column.
The geochemical model then was used to simulate
the measured changes in concentration of aqueous
constituents along a flow path in the aquifer.

pH was predominately controlled by reaction
with carbonate minerals. Where carbonate
minerals had been dissolved, sorption of hydrogen
ion by iron oxides was used to simulate pH. Acidic
ground water contained little to no dissolved
oxygen, and most aqueous iron was present as
ferrous iron. In the suboxic core of the plume,
ferrous iron was oxidized by manganese oxides to
ferric iron, which then precipitated as ferrihydrite.
This reaction created 1 mole of manganese (II)
and 2 moles of hydrogen ion for every 2 moles of
ferrous iron that were oxidized. Data from the
column experiments indicated that approximately
half of the manganese (II) was trapped as a

coprecipitate with ferrihydrite, and the remainder
entered solution.

Attenuation of aqueous manganese, copper,
cobalt, nickel, and zinc was a function of pH
and could be quantitatively modeled with the
diffuse-layer, surface-complexation model in
MINTEQAZ2. Equilibrium constants for sorption of
copper, nickel, and zinc on ferrihydrite were
obtained from a compilation of published sorption
constants. Copper had a logK of 0.6; nickel, a logk
of -2.5; and zinc, a logK of -1.99. Equilibrium
constants for cobalt and manganese were fit to
the column experimental data—cobalt, logK was
-2.0; and manganese, logK was -2.6. Aluminum
precipitated as amorphous aluminum hydroxide
at a pH greater than 4.7 and as a basic aluminum
sulfate mineral at a pH of less than 4.7. Aqueous
calcium and sulfate were in equilibrium with
gypsum.

After the alluvium in the column had reached
equilibrium with acidic ground water, uncon-
taminated ground water was eluted through the
column to evaluate the effect of reactants on
ground-water remediation. The concentrations
of iron, manganese, copper, cobalt, nickel, and
zinc rapidly decreased to detection limits within
a few pore volumes. All of the gypsum that had
precipitated in the column initially redissolved and
resulted in elevated calcium and sulfate concen-
trations for about five pore volumes. Aluminum
and pH were the two constituents that exhibited
the most potential for continued adverse effects on
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ground-water quality. The pH of column

effluent remained below 4.5 for more than

20 pore volumes as hydrogen ion desorbed

from ferrihydrite. Extended leaching at low pH
resulted in dissolution of a basic aluminum sulfate
mineral. The geochemical model accurately
simulated breakthrough curves from the column
and successfully simulated the distribution of
constituents in the aquifer.

INTRODUCTION

Contamination of ground water by wastes
generated from the mining and extraction of metals
from ore deposits is a problem in many parts of the
world. Processes that affect the mobility of these
wastes are commonly evaluated with geochemical
computer programs; however, the usefulness of
these programs is often limited by a lack of adequate
field data. Gaps in field measurements can be
supplemented with data from laboratory-column
experiments designed to simulate transport and
chemical reactions in the aquifer.

The objective of this study was to characterize
the reactions that control mobility of constituents in
the plume of acidic water that has contaminated the
alluvial aquifer and stream in Miami Wash and
Pinal Creek. Laboratory experiments were used in
conjunction with ground- and surface-water analyses
to develop a geochemical model of the aquifer that
simulated the measured changes in chemical
composition.

DESCRIPTION OF PLUME

The most likely sources of contamination are
Webster Lake, which existed from 1940 to 1988 in
Webster Gulch (fig. 6) and perhaps smaller acidic
ponds in the area (Envirologic Systems, Inc., 1983).
In 1986, the concentration of total dissolved solids
in Webster Lake was 35,000 mg/L, and pH was 2.7
(Eychaner, 1988).

Seepage of acidic water from Webster Lake
through the former channel of Webster Gulch
apparently enters the alluvial aquifer near the con-
fluence of Bloody Tanks Wash and Russell Guich
(fig. 6). As the plume travels northward, aqueous
constituents are attenuated by reaction with the

alluvium. Aqueous concentrations also decrease
because of dilution with uncontaminated water.
Primary inflows of uncontaminated ground water
are from Russell Gulch and Pinal Creek. The plume
also is diluted by ground water flowing upward from
the basin fill and by direct infiltration of surface
water after precipitation. In all cases, mixing is not
necessarily instantaneous, and uncontaminated water
can flow parallel to the plume for hundreds of meters
before complete mixing occurs.

The plume of contaminated ground water is
characterized by a series of chemical fronts that
are defined by the geochemistry of individual
constituents. The location of the contaminant plume
in 1988, as defined by pH, is represented in figure 6,
a longitudinal section of the aquifer from Webster
Lake to Inspiration Dam. Most acidic contamination
is within the unconsolidated alluvium; however, the
water chemistry of the upper part of the basin fill also
has been affected. The shape of the contaminant plume
is actually three dimensional, and the reaction front
extends not only in the longitudinal direction of flow,
but also in the vertical and transverse directions to
flow.

On the basis of ground-water composition, the
aquifer can be subdivided into three zones—acidic,
neutralized, and uncontaminated. Water from well
202 at site 200 (fig. 1) is representative of uncon-
taminated ground water in the aquifer. This water
contains dissolved oxygen (DO), has nearly neutral
pH, and is low in dissolved solids (table 5). Ground
water in Miami Wash, the most contaminated part of
the aquifer, is depleted in DO and is characterized by
low pH and large concentrations of dissolved metals
and sulfate (SO,4). The large concentration of SO,
in acidic ground water has a significant effect on
the speciation of aqueous cations. Approximately
50 percent of the calcium (Ca), magnesium (Mg), iron
(Fe), manganese (Mn), copper (Cu), cobalt (Co), nickel
(Ni), and zinc (Zn) in solution is transported as a SO,
complex, and more than 80 percent of the aluminum
(Al) is complexed with SO, (table 6). The front of
acidic water (pH less than 5) has advanced through the
alluvium at a rate of 0.2 to 0.3 km/yr (Eychaner,
1991a). Neutralized ground water, defined as having
pH values greater than 5, forms a three-dimensional
shell of variable extent around the acidic core.
Concentrations of dissolved metals are low; however,
concentrations of chloride (Cl), SO,4, Ca, Mg, and Mn
are significantly greater than uncontaminated ground
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Figure 6. Distribution of pH in the aquifer. Line of section approximates the principal ground-water flow line from Webster
Lake to Inspiration Dam along the channels of Webster Gulch, Bloody Tanks Wash, Miami Wash, and Pinal Creek.

water. Neutralized ground water has reached the
streamflow-gaging station, Pinal Creek at Inspiration
Dam, where dissolved solids have been increasing
since at least 1942 (Envirologic Systems, Inc., 1983;
Eychaner, 1988).

EXPERIMENTAL METHODS

Sampling and Analytical Techniques

Most ground-water samples were collected using
a submersible pump. Water samples were collected
only after at least three casing volumes of water had
been removed and the pH, specific conductance,
temperature, and dissolved-oxygen concentration had
stabilized. For the analys<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>