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ABSTRACT

The geochemistry, of groundwater collected from deep wells in

the western section of the lower Santa Cruz basin of southeastern

Arizona, was studied in order to determine the extent to which

geochemica] analysis can be used to assess fluid flow and major and

trace element migration patterns along hydrologic flowpaths in desert

basins. Interaction between groundwater and enclosing sediments, and

mixing between chemically distinct basin groundwater is found to exert

a significant control on the chemical patterns that have evolved in the

system.

Activity-activity diagrams of the Na-Si-O-H system show that

groundwater throughout the basin clusters near the three phase boundary

between fluid, kaolinite, and montmorillonite and trends along the

boundary to higher log (aNe/aW) values. A reaction model generated

with computer program PHREEQE, that combines silicate weathering,

kaolinite-Na-beidellite equilibrium, calcite equilibrium, and solution

mixing, can simulate trends in groundwater composition along flowpaths

in the basin.

Trace metals introduced into the basin by the weathering of a

buried porphyry copper deposit become spatially separated upon

migration. Metal concentrations are found to be correlated to major

cation concentrations. Cu is associated with high Na concentrations

and a high ratio of Carbonate:Ca, whereas Zn is associated with high Ca

ix



concentration and a low ratio of Carbonate:Ca. Behavior of Cu and Zn

during low-temperature transport can be controlled by the effects of

mineral alteration on groundwater composition. Computer analysis of

early basin diagenesis shows that changes in major solute composition

that accompany weathering, constrained by equilibrium with clays and

calcite, can produce the metal segregation pattern observed in the

basin.

Because the aquifer is strongly influenced by silicate and

carbonate mineral equilibrium, the introduction of Central Arizona

Project recharge, which is not in equilibrium with alluvial minerals,

into the basin, requires a response by mineral reactions that attempt

to restore the system to a state of equilibrium with kaolinite,

montmorillonite, and calcite. A reaction model is developed to predict

the consequent effects of outside recharge on groundwater quality.



CHAPTER 1

INTRODUCTION

The application of physico-chemical principles to the study of

the evolution of low temperature rock/water systems has resulted in the

successful interpretation of observed chemical variations in a wide

variety of natural settings. For example Carrels (1967) and Carrels

and Mackenzie (1967) demonstrated by chemical equilibrium analyses that

the composition of a natural water represents a particular stage in an

evolutionary sequence that is determined by initial water composition,

host rock mineralogy, surface area of the primary rock minerals, and

residence time of the solution.

Helgeson (1968), Helgeson, Carrels, and Mackenzie (1969), and

Helgeson et al. (1970) developed the first reaction path model that

predicts component redistribution during irreversible chemical reaction

in mineral/water systems by assuming that partial equilibrium is

maintained between product minerals and the aqueous phase. A reaction

path model can predict how chemical reactions contribute to variations

in solution composition along a flow path. Because reaction progress

and flow down gradient both proceed directly as functions of time,

reaction progress will generally increase with distance of flow along

hydrologic gradients. By comparing the model's prediction with

analytical data from natural systems it is possible to evaluate the

validity of the reaction model.

1
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Plummer et al. (1983) present a methodology of chemical

reaction modeling in the interpretation and evaluation of

characteristics of regional groundwater systems. Observed chemical

compositions of groundwater along hydrologic flow paths can be analyzed

to determine the saturation state of the water with respect to the

mineralogy of the system, that is whether the fluid is supersaturated,

undersaturated, or in equilibrium with host minerals. Mass balance

calculations determine the amounts of chemical or physical modification

necessary to account for net changes in the total concentration of

elements in solution between initial and final positions along a flow

path. Reaction path calculations can predict the evolution of water

and rock composition as a function of reaction progress and can test

whether reactions defined by mass balance calculations are

thermodynamically possible. Reaction path calculations can be used to

predict trends in chemical composition and mass transfer along

groundwater flow paths for systems that are not analytically defined

throughout and can be used to evaluate the effects of outside

perturbations to an aquifer.

Geochemical techniques are readily applied to the study of

chemical variations of groundwater in alluvial desert basins. Because

of the aridity of the desert climate, the evaporation rate usually

exceeds annual rainfall resulting in sluggish recharge to the basins.

Low recharge rates combined with the high surface area of uncompacted

enclosing sediments results in a situation where chemical reactions can

play a significant role in determining the quality of groundwater.

The objective of this study is to apply geochemical principles
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to the evaluation of chemical variations in groundwater along

hydrologic flowpaths in the western section of the lower Santa Cruz

Basin in southeastern Arizona. Equilibrium and mass balance methods

were used to determine which physico-chemical processes can most easily

explain the major solute compositions of the basin fluid. A reaction

path model is then developed that simulates physico-chemical processes

to provide a quantitative analyses of the chemical evolution of major

solutes in the lower Santa Cruz Valley groundwater system. The results

of the analyses show that mixing between chemically distinct basin

waters and interactions between groundwater and enclosing sediments can

account for the chemical changes in major solute concentration observed

in the system.

Major solute chemistry strongly influences the behavior of

trace metals in solution because of the association of base metals with

major ligands as aqueous complexes and because of competition for

ligand sites with major cations. Speciation distribution of components

in solution is determined by assuming that equilibrium is maintained in

the aqueous phase and by solving the set of non-linear equations

described by equilibrium mass action and mass balance constraints.

In this study speciation distribution calculations for copper

and zinc are combined with a reaction path model developed to explain

major solute composition in the western section of the lower Santa Cruz

Basin, in order to trace the influence of major solute evolution on

base metal behavior along hydrologic flowpaths. The geochemical model

developed in this study provides a means of understanding trace metal

behavior in groundwater systems undergoing mineral alteration. Trace
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metal speciation is found to exhibit a zoning pattern related to major

solute compositional variation along flow paths in the basin. Because

the speciat ion of trace metals vary along flowpaths the geochemical

behavior and reactivity of metals in the groundwater also varies and

therefore mineral diagenesis may be used to explain base metal

associations and segregations found in the basin.

Finally to evaluate the effects of outside perturbations on the

lower Santa Cruz aquifer system, a reaction model is used to predict

water quality variations that might accompany the introduction of

surface recharge into the aquifer, which is not in equilibrium with the

host minerals. Because the aquifer system is strongly influenced by

silicate and carbonate mineral equilibrium chemical reactions are

predicted to proceed that would restore the groundwater system to a

state of equilibrium with these minerals as outside waters are

introduced.



CHAPTER 2

STUDY OF MAJOR SOLUTE CHEMISTRY

Casa Grande Study Area

The lower Santa Cruz Basin of western Pinal County, Arizona is

located in the Basin and Range physiographic province of southern,

Arizona (figure 1). The basin is an ideal location for this study

because of the availability of a set of careful chemical analyses of

the groundwater and hydrologic data for the basin that includes

transmisivity, specific yield, water levels, and water level variations

since 1923. Also located in the basin about 1 km southwest of the

Santa Cruz wash is the Casa Grande West - Santa Cruz porphyry copper-

molybdenum deposit, hereafter termed the "deposit", which provides a

source of trace metals to the groundwater system.

The basin is bordered by mountains that act as impermeable

barriers to groundwater flow. The Sacaton Mountains in the north are

made up of Precambrian schists and granites, the Casa Grande Mountains

in the southeast are Precambrian schists and to the south and southwest

there are sources of Precambrian metasedimentary rock with local

amounts of Paleozoic sediment. The basin itself is divided into two

sections by a buried ridge of relatively impermeable rock. The ridge

which trends in a N-S direction is known as the Casa Grande ridge and

acts as a subsurface groundwater barrier. This study concentrates on

5
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Figure 1.	 Location Map of the Casa Grande Field Area, Arizona.
The crosses mark well sites used for geochemical analyses.
The Casa Grande - Santa Cruz ore deposit is circled.
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the area of the basin that lies to the west of the ridge. Water well

locations used in this study for geochemical analyses, geographical

features, the approximate location of the Casa Grande West - Santa Cruz

deposit, and town sites in the Casa Grande field area are also shown in

figure 1.

Figure 2 shows the elevation of the hydrologic bedrock or the

relatively impermeable basement underlying the basin. Bedrock is at

shallow depths along the edges of the basin and deepens to about 700

meters below surface along the valley center west of Stanfield. The

long axis of the basin trends in a N-NW direction from Stanfield. The

Casa Grande ridge can be discerned as an elevation high between Casa

Grande and Stanfield and marks the eastern edge of the study area.

The basin is filled with unconsolidated alluvial deposits

underlain by consolidated alluvium and minor amounts of sedimentary

rocks. The unconsolidated alluvium makes up the main storage reservoir

for groundwater in the basin. Hardt and Cattany (1965) define, from

interpretation of drillers logs and geophysical data, four alluvial

units in the basin. From oldest to youngest they are the:

1) local gravel unit 0-1000 feet thick

2) lower sand and gravel unit 0-500 feet thick

3) silt and clay unit 0-2,000 feet thick

4) upper sand and gravel unit 50-600 feet thick

The alluvial units, late Tertiary to Quaternary in age, are composed of

materials that have eroded from nearby mountains by stream runoff. The

upper sand and gravel unit is currently a producing aquifer of high



M 0 50'

Figure 2.	 Elevation in Feet Above Sea Level of Impermeable Bedrock in
the Casa Grande Field Area. - Data is from Hardt and
Cattany (1965)
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permeability. The static groundwater level of most wells in the basin

is within this unit.

The arid climate combining high temperatures and low humidity

causes most of the precipitation in the area to be returned to the

atmosphere by evapotranspiration. Hardt and Cattany (1965) calculated

that the potential evapotranspiration rate in the area is five times

greater than the average precipitation, thereby significantly limiting

recharge to the basin from rainwater.

Recharge into the basin, estimated at 18,000 acre feet per year

by Hardt and Cattany, is primarily from underf low northwestward along

the Santa Cruz channel between the Silver Reef and Sacaton Mountains.

There is also underflow into the western part of the basin from the

Santa Rosa Wash estimated at 500 acre feet per year (Hardt and Cattany

1965).

Prior to intensive withdrawal, groundwater movement in the

basin was controlled by the difference in altitude of the water surface

at the edges of the basin. Figure 3 adapted from Hardt and Cattany

(1965), shows water level contours and flowlines as they existed in

1923. Regional groundwater movement was generally from the southeast

towards the northwest.

Long term withdrawal of ground water has resulted in a regional

lowering of the water table in the area as shown in figure 4. Figure 5

shows water level contours and flowlines for 1976-77, adapted from

Konieczki and English (1979). The intensive pumping has altered the

direction of groundwater movement. Flow now is toward a large cone of

depression near Stanfield. Near the Casa Grande West - Santa Cruz
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Figure 3.	 Elevation in Feet of Water Level with Generalized Flow
Directions for the Casa Grande Field Area in 1923. - Data
is from Hardt and Cattany (1965)
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Figure 4.	 Approximate Lines of Equal Change in Water Level in Feet
since 1923 for the Casa Grande Field Area. - Data is from
Konieczki and English (1979)
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Figure 5.	 Elevation in Feet of Water Level for the Casa Grande Field
Area in 1976 with Generalized Flow Directions. - Pathlines

"B", and "C" correspond to flowlines modeled by the
chemical reaction model.
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porphyry copper deposit flow is more westerly than in the past and

groundwater movement from around the west end of the Sacaton Mountains

has reversed direction and is now moving southerly towards Stanfield.

Chemistry of Basin Groundwater

Ficklin and others (1981) collected 78 groundwater samples from

deep wells around the Casa Grande West - Santa Cruz porphyry copper

deposit in the basin as part of a mineral resource study in the area.

The samples were analyzed for major constituents and trace metals as

well as field measurements of temperature, pH, dissolved oxygen and

specific conductance. Table 1 lists the range of chemical variation in

the basin.

As a part of this study the water compositions collected by

Ficklin et al. (1981) were subjected to further analyses using the

computer program WATEQ2 (Ball et al. 1979). This program uses Debye-

Buckle theory to calculate the activities of dissolved constituents,

calculates ionic strength of the solutions, and species distribution

for the major cations and some trace metals including copper and zinc.

The thermodynamic data base used was that compiled by Ball et al.

(1979), for use in low-temperature hydrogeochemical investigations.

The only changes made were for base metal constants; these changes will

be discussed in a later chapter.

Contours of molal concentration of Ca, Cl, and Na are plotted

for the Casa Grande field area in figures 6-8. Contours were plotted

with computer program SURFII, which displays spatially distributed data

as contour plots or perspective views. The basis for SURFII contour
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Table 1. Range and Average Concentration of Major Solutes in the Casa
Grande Field Area.

Component Minimum Maximum Mean Standard Dey

PH 7.30 8.90 7.80 0.40

Temp Cel 23.00 39.00 29.00 2.90

Ca,	 mg/1 7.50 340.00 93.00 83.00

Mg,	 mg/1 0.05 68.00 19.00 16.00

Na,	 mg/1 58.00 470.00 180.00 104.00

K,	 mg/1 1.40 5.90 3.40 1.10

HCO3,	 mg/1 77.00 350.00 160.00 61.00

SO4,	 mg/1 33.00 620.00 210.00 160.00

C1, rag/1 16.00 820.00 220.00 190.00

F,	 mg/1 0.27 10.00 1.40 1.70

S102,	 mg/1 14.00 63.00 34.00. 11.00

Fe,	 mg/1 2.50 69.00 12.00 11.00
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Figure 6. Contour Lines of Equal Calcium Molality X 1E4 in the Casa
Grande Field Area.
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Figure 7.	 Contour Lines of Equal Chlorine Molality X 1E4 in the Casa
Grande Field Area.
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Figure 8.	 Contour Lines of Equal Sodium Molality X 1E3 in the Casa
Grande Field Area.
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operations is a rectangular grid of values which is a numerical

representation of the surface. The grid surface for the western

section of the lower Santa Cruz basin was generated by a local fit

procedure where the concentration values at successive locations are

considered to be related, but the degree of correlation decreases with

increasing distance between sample sites.

Variation in chemical concentration of Ca, Cl, and Na shows a

distinctive spatial pattern. High concentration values of Ca and Cl

are centered on the deposit and decrease in concentration away from the

deposit in a distinctive southeast to northwest pattern. Na molality

also varies in a similar manner but the highest values are shifted to

the south and east of the highest Ca and Cl values, and occur over the

Casa Grande ridge. The most saline groundwater is present on the

eastern side of the basin over the Casa Grande ridge and over the

deposit. The source of the saline waters is unknown but may be related

to the upward movement of fluids along faults at the edge of the basin.

The lowest pH values in the area occur over the deposit and are

probably associated with weathering of pyrite at depth by oxidizing

waters. The subsequent release of acid accelerates weathering

reactions thereby increasing dissolved solids and ionic strength.

Normally along a groundwater flowpath the concentration of most

major ions increases in value with increasing maturity of basin fluids

(Freeze and Cherry 1979). However in the Casa Grande study area

because the concentration of major solutes is highest over the ridge

and ore deposit at the upstream end of the basin, a spatial pattern of

decreasing concentration of Ca, Cl, and Na seems to reflect the
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direction of groundwater movement. If the concentration patterns of

Ca, Cl, and Na in the basin are the result of groundwater movement the

pattern continues to reflect the flow direction dominant in the basin

before intensive pumping (figure 3). The present direction of

groundwater movement (figure 5) is not distinguished by any traditional

hydrogeochemical trend.

Hydrogeochemical Relationships 

X-Y plots and those of ion ratios are the most simple and

obvious initial approach to the interpretation of hydrochemical data.

Changes in the molar ratios; Na/C1, Si/C1, Mg/C1, and Ca/C1 as a

function of chloride molality are plotted in figures 9-10. There are

systematic changes in water composition throughout the field area

attendant with variation in the chloride concentration.

In the more saline basin fluid with the highest chlorine

molalities the molar ratio of Na/C1 is close to one suggesting that the

source of the salinity in the basin may be associated with halite

dissolution. As chloride concentration decreases, the molar ratio of

Na/C1 and Si/C1 increases. If it can be assumed that chlorine does not

significantly enter into chemical reactions at the low concentration

levels typical of the groundwater in the basin, then chlorine

concentration varies only as a result of physical processes such as

mixing between high salinity upstream groundwater and lower salinity

downstream groundwater. The fact that sodium and silica do not behave

similarly suggests either that some other process such as chemical

reactions affect sodium and silica concentrations but not chlorine, or
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that mixing occurs with water of higher Na/C1 and Si/C1 ratios.

The solid line in figures 9-10 represents the calculated

variation that would result from mixing a representative high chlorine

water from over the ridge with a representative low chlorine water from

the central basin. Most Na/C1 ratios plot above this line while most

Si/C1 ratios plot below the line especially at low chloride

concentrations, suggesting that chemical reactions that produce sodium

and consume silica as well as mixing may be involved in controlling

composition of basin solutions. Because the location of the mixing

line is dependent solely on the choice of end members and therefore can

vary in its value, further evidence is required to evaluate the nature

of the reactions and mixing that affect these waters.

Ca/C1 ratios show appreciable scatter in figure 10A and whether

an increase or a decrease in Ca occurs with respect to Cl is

indistinguishable although most points lie below the mixing line.. The

Mg/C1 ratio shows little change as a function of Cl suggesting that

magnesium is not involved in mineral reactions in this system. All the

preceding data generally indicates that some kind of chemical reaction

and mixing is proceeding in the system and affects major cation

compositional variation beyond that of simple physical mixing.

Thermodynamic Data and Mineral Stability Diagrams 

Equilibrium and chemical reactions can be assessed in

rock/water systems by graphical analysis. Analytical data can be

plotted on mineral stability diagrams that represent the thermodynamic

relationships between minerals and solution and enable the
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determination of the stability of solutions with respect to minerals.

Calculations and the discussion that follow are based upon data for a

fixed temperature of 25 °C.

Clay minerals are common alteration products of aluminum

silicates in rock/water systems. Robertson (1987) reports that X-ray

diffraction analyses of the clay and silt size alluvial material from

basins throughout southeastern Arizona show similar mineralogies.

Based on peak height of the diffraction pattern montmorillonite is the

predominant clay-size mineral with secondary amounts of illite and

kaolinite. Quartz, plagioclase feldspar and calcite are predominant in

the coarse size fraction. This mineralogical composition is remarkably

uniform in all basins studied in southeastern Arizona, and is the same

throughout the saturated and unsaturated alluvial sections. A similar

mineralogy is assumed for the western section of the lower Santa Cruz

basin.

Unfortunately conventional experimental determination of the

thermochemical properties of the clays may well be impossible, because

of impurities, composition variability, and a lack of structural and

compositional heterogeneity (May et al. 1986). The choice of

thermodynamic data will affect the location of boundaries on stability

diagrams and therefore the interpretation of the hydrogeochemical data.

However analyses of rock/water systems has shown that systems in which

rocks which have reacted to a significant extent with groundwater

approach three phase equilibrium between fluid, kaolinite, and

montmorillonite (Garrels 1967).
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Nesbitt (1977) used the chemical compositions of groundwater

compiled by White et al. (1963) that were derived from acidic and basic

host rocks and likely to be associated with these clay alteration

phases to obtain their equilibrium thermodynamic properties. Nesbitt

(1977) found that for the reactions: (where M2 + is Ca2 + or Me+)

1) 3Na.33Al2.33Si3.6701o(OH)2 + H+ + 11.51120 =
Na-beidellite

3.5Al2Si205(OH)4 + Na+ + 4H4SiO4
kaolinite

2) 2KA13Si3010(OH)2 + 2H+ + 3120 = 3Al2S1205(OH)4 + 2K+
illite	 kaolinite

3) 6M217Al2.33Si3.67010(OH)2 + 2H+ + 23H20 =
M2 +-beidellite

7Al2Si205(OH)4 + M2 + + 8H4S104
kaolin ite

the log of the activity products:

4) log K = log f [Ne][H4SiO4] 1 [1111[H20] 11 - 5 }

5) log K = log f [K+] 2 /[H+] 2 [H20P }

6) log K = log { [M2 +][H4SiO4] 8 /[H+] 2 [}20] 23 }

approaches a constant value as HCO3; (assumed to be indicative of

reaction progress) increases. The activities of the solids is presumed

to equal 1.0 and the square brackets denote activities. The value that

the activity product approaches represents the logarithm of the

equilibrium constant (K) for the reaction between kaolinite and the

specified clay e.g. Na-beidellite or illite. The equilibrium constant
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together with the free energy of formation of kaolinite and the

activities of the appropriate aqueous species permits calculation of

the free energy of beidellite or illite by;

7)L1Greac = RT1nK.

The free energy calculated in this manner incorporates the non-

ideal composition of the clay in the equilibrium constant. The same

log value of the saturation quotient is approached in a wide variety of

groundwater localities that include both igneous acidic and basic host

rocks. The estimated free energies are in reasonable agreement with

published values from Helgeson (1969) but as Nesbitt (1977) shows these

values predict stability relationships that are in closer accord with

mineral assemblages observed in the field. Subsequent discussion of

the data in this study refers to mineral stability diagrams derived

from Nesbitt's (1977) data.

The activity ratios of all waters of the western section of the

lower Santa Cruz basin are plotted for the Na-Al-Si-O-H system on an

activity-activity diagram in figures 11A. In the sodium system cation

activities plot near the phase boundary between kaolinite and Na-

beidellite indicating that solutions are equilibrated with both

minerals. Analysis of aluminum concentration, where available, in the

area shows that aluminum is present in sufficient amounts to maintain

equilibrium with the clay minerals.

Stability relationships between the waters and non-silicate

minerals are evaluated by calculating the ion activity product of

calcite and gypsum for each sample and comparing that value with the

equilibrium constant of the mineral. Figure 12 shows that all waters
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of the system are equilibrated with calcite but remain undersaturated

with gypsum.

Stable minerals in the basin alluvium such as kaolinite, Na-

beidellite, or calcite will not react with the groundwater but other

minerals that are part of the alluvium mineralogy (Robertson 1987),

such as albite or K-feldspar have the potential to react and alter

concentrations of components in the system. Analyses of the stability

diagrams reveal that reactive clay minerals and calcite are the most

important mineralogical influences on basin water compositions. The

tendency for groundwater activity values to plot in clay mineral

stability fields supports the hypothesis that the relatively high

reactive nature of the unconsolidated alluvium controls water chemistry

to a significant degree in the basin.

Analyses of the activity diagrams for the Casa Grande field

area not only shows that equilibrium is maintained between kaolinite

and montmorillonite but also shows that groundwater composition varies

along flowpaths in the basin. Figure 11B shows seven points which

represent the average of well compositions along the central axis of

the basin. The path is outlined in figure 5 as flow path "C". Along

this path chlorine does not vary significantly indicating that a

minimum of mixing with higher salinity fluids affects these waters, and

thereby implies that most of the compositional variation can be

attributed to reaction. Variation in activities in the Na-Si-O-H

system along path "C" remain near the kaolinite-Na-beidellite line and

trend in the direction of increasing log aNa+/aH+ and decreasing log

aH4S104. This trend duplicates what would be expected from the
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weathering of albite and the consequent release of cations into

solution by hydrolysis reaction 8.

8) NaA1Si3De + 4H4 + 4H20 = Na' + 3H4SiO4 = Al 3 +

In order to maintain kaolinite-Na-beidellite equilibrium the system

responds by consuming silica and sodium, producing H+, and

precipitating Na-beidellite. Reaction 8 can be rewritten by conserving

aluminum showing albite reacting directly to Na-beidellite.

9) 7NaAlSi3Ols + 20H20 + 611+ = NaAl7SiliCao(OH)6 + 6Na 4 + 10H4SiO4

10) 3.5Al2Si205(OH)4 + Na+ + 4H4Si014 = NaA17Si11030(OH)6 +

+ 11.5H20

Because a higher ratio of silica to sodium is released by the

weathering of albite than is consumed by kaolinite reacting to Na-

beidellite the overall result is an increase in Na, and a decrease in H

and Si in solution. Weathering reactions furnish an impetus for

chemical change in the Casa Grande system that could result in a

compositional trend along the kaolinite-Na-beidellite boundary to

higher log a(Na 4 /11+) and lower log a(H4SiO4) values.

An interrelationship between Na, Si, and pH throughout the

field area is suggested by contour isograms of the ion activity product

of reactions 9 and 10 (figure 13, 14). Sodium, silica, and pH activity

product ratios generally remain constant along N-S lines and vary in an

E-W direction from the Casa Grande ridge to the Stanfield area across

the northernmost section of the field area. The value of the ion

activity products generally remains constant along E-W lines but vary
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Figure 13. Contours of the Ion Activity Product X 10 of the
Equilibrium Reaction of Albite to Na-Beidellite in the Casa
Grande Field Area.
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Figure 14. Contours of the Ion Activity Product of the Equilibrium
Reaction of Kaolinite to Na-Beidellite in the Casa Grande
Field Area.
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in a N-S direction from the southernmost part of the area up to

Stanfield. This spatial pattern of ratio variations also corresponds

to fluid potential lines and therefore flaw direction in the basin

(figure 5). This pattern may develop because of the strong control

that silicate mineral reactions have on groundwater compositions in the

basin. Unfortunately the direction of reaction in the system is not

discernable from these contour maps alone, because of the additional

changes to total ion concentration from mixing processes. These

effects will be addressed in the next section.

Mass Balance Analysis 

Mixing of groundwater from different sources is another common

mechanism that can change the chemical composition of basin water.

Degrees of mixing of different groundwater can be assessed by analyses

of non-reactive constituents in solution. Chlorine in natural waters

does not significantly enter oxidation/reduction reactions, forms no

important solute complexes at low-temperatures unless chloride

concentration is much higher than the values measured in the Casa

Grande area, does not form salt precipitates of low solubility, is not

significantly adsorbed on mineral surfaces, and is not involved

significantly in biochemical reactions. Therefore circulation of

chlorine is largely through physical processes alone. From the contour

plots of chlorine concentration in the Casa Grande area (figure 7) it

is obvious that chlorine decreases away from the ridge and mine area to

nearly steady values along the central axis of the basin. Along

present flow paths, variation in concentration of Cl is assumed to
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depend only on mixing between high salinity upstream water and low

salinity downstream water. Using chlorine as a measure of mixing along

the present flow direction allows calculation of the amount of

variation of other constituents that is attributable to mixing and the

amount attributable to other processes such as chemical reaction.

BALANCE (Parkhurst et al. 1982) is a Fortran computer program

designed to quantify the chemical reactions between groundwater and

minerals. The program calculates the mass transfer necessary to

account for changes in composition between an initial and a final

solution. The program derives a balanced reaction of the form:

11)	 Initial Solution + Reactant Phases =

Final Solution + Product Phases.

The phases are constituents that enter or leave the aqueous phase

during the course of reaction, and represent any set of chemical

constituents that are reasonable choices as possible reactants or

products in a given hydrologic system. The program can be extended to

include problems of mixing of groundwater of fixed end member

composition by treating the two initial solutions exactly like other

phases which combine along with mineral reactions to produce the final

solution. BALANCE solves any set of linear independent equations

formulated by the user so is not constrained by any thermodynamic

criteria. However the results can be partly checked for thermodynamic

consistency by considering that for a reaction to proceed at any point

along a flow path the chemical affinity of the reaction must be less

than zero. By simple calculation it is possible to decide whether or
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not a reaction predicted to account for chemical variation by BALANCE

should proceed.

The observed chemical data for the western section of the lower

Santa Cruz basin were analyzed with BALANCE to test the system for

causes of variation in the Ca-Al-Na-Si-C1-0-H system. The plausible

phases used in the calculation were those defined by the mineral

stability analyses of the waters i.e. Na-beidellite, kaolinite,

calcite and albite. Mass balance was calculated along three

representative flowpaths starting in the upstream area on the east side

of the basin to the Stanfield area on the west. The first path

represents flow along the central axis of the basin where dilution and

mixing are insignificant. This path corresponds to flowline "C" on

figure 5. The second represents the flowpath whose source is in the

area of highest chlorine and is also over the ore deposit. These

fluids currently flow across the steepest chlorine gradient into the

central basin. This path corresponds to flawline "A" on figure 5. The

third represents the high sodium waters that originate over the Casa

Grande ridge slightly east and south of the ore deposit, the Na/C1

ratio of these ridge waters exceeds one. Before pumping began at

Stanfield this solution type would have followed the same course as the

high chlorine waters but no longer crosses the ore deposit along its

present flow direction. This path corresponds to flowline "B" on

figure 5. Table 2 shows the composition of selected points along each

flow path. Each point represents several wells whose compositions were

averaged to arrive at the concentration value used in the calculation.

Aluminum is conserved in the system by allowing no change in its
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concentration between upstream and downstream values.

Each point on the more saline flowlines, i.e. "A" and "B", is

considered to be a "final" water formed by the mixture of upstream and

downstream solutions. Along flowline "C reactions alone are presumed

to account for all variation between an "initial" water representative

of the eastern end of the central basin and a "final" water that

represents the Stanfield area. Table 3 lists the changes in mmoles/1

calculated for each phase along the flowpath. Negative changes

indicate the phase leaves the aqueous solution and positive values

indicate the phase enters the aqueous solution.

Along flowline "C" which is presumed to involve no mixing,

dissolution of albite and kaolinite, and precipitation of Na-

beidellite can account for all chemical variation along the flowline.

These are the expected results associated with the irreversible

weathering of albite in a system that is constrained by kaolinite-Na-

beidellite equilibrium. Along this path mass balance calculations also

predict that calcite precipitates which is in accordance with the fact

that silicate hydrolysis consumes H+ and by LeChatlier's principle

reaction 12 proceeds to the right.

12) Ca2 + + HCO3 - = CaCO3 + 14+

Table 3 shows that along flowline "B" kaolinite and albite

would be precipitated as Na-beidellite dissolves. However stability

diagrams (figure 11) show that this reaction is not thermodynamically

possible in this system; because albite is not a stable phase. The

reason for this is the high sodium content of the waters that recharge
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flowline "B", and the high Na/C1 ratio of these waters. Mixing of

these waters with water downstream where sodium is less concentrated

requires that, after mixing, any reaction occurring must result in a

net loss of sodium. In order to maintain the correct proportion of net

change of sodium with respect to silica albite must be precipitated.

Kaolinite reacting to Na-beidellite to consume sodium would be

thermodynamically possible (equation 7) and could account for the Na

net change except that the reaction consumes too much silica in the

process.

A different set of phases must be considered that contain

another source for silica. Amorphous silica is a logical alternative

because in most natural systems this phase controls the upper limit of

dissolved aqueous silica and in the Casa Grande system silica is below

that limit. Therefore silica is substituted for albite in the mass

balance calculations. The new results for the silicate phases are also

shown in table 3. The results indicate, that with amorphous silica

included, precipitation of Na-beidellite and dissolution of kaolinite

and silica can account for the net changes in mass required along the

upstream parts of flowline "B". Another reaction alternative that

might explain the compositional variation in concentration is Na/Ca

exchange on clay minerals. However, this possibility was not

considered because it did not provide a means to deplete silica without

resulting in an excess of phases in solving the equations. Downstream

along flowline "B" high sodium influences no longer affect the system

and thermodynamically valid albite weathering, Na-beidellite



39

precipitation, and kaolinite dissolution can account for the mass

changes beyond mixing.

The effect that mixing has on calcite equilibrium is to drive

reaction 12 to the left as calcium concentration is decreased by

dilution. Along flowline "B" mixing exerts more influence on the

reaction than the forward weathering and the net result is that calcite

dissolves along this flowpath.

Along flowline "A" mixing and weathering reactions and the

consequent precipitation of Na-beidellite and dissolution of kaolinite

account for all changes in constituent compositions. Calcite

equilibrium is once again dominated by mixing with waters of low

calcium concentration and calcite dissolves along this flowpath.

The results of mass balance analyses indicate that a

combination of mixing and irreversible silicate weathering reactions

can control final water compositions in the basin. Mixing is most

important along flowlines that originate in upstream areas associated

with sources of saline fluids and reaction dominates in the central

basin area. The relative rate of mixing with respect to reaction

varies throughout the basin and no single rate can apply to the whole

system. However a reaction path model can be generated using both

mixing and reaction to approximate changing composition in the basin.

Reaction Path Model 

Mass balance analyses of the Casa Grande system suggests that

weathering reactions, mineral equilibria, and mixing can account for

net variations in chemical composition. A reaction model based on
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thermodynamic criteria can be developed to simulate the processes

occurring in the basin.

Computer program PHREEQE, can simulate many common

hydrogeochemical phenomena such as mixing, rock/water interaction, and

ion exchange reactions along paths defined by the user. PHREEQE was

developed by Parkhurst et al. (1980) and is the result of a U.S.G.S.

study of the geochemical variation in regional groundwater systems.

The Casa Grande system was simulated by maintaining the ion

activity product of kaolinite reacting to Na-beidellite reaction at a

constant equilibrium value. Advection was simulated by calculating the

resultant composition from mixing waters typical of high Cl waters near

the ore deposit and low Cl waters from upstream areas on the eastern

end of the basin. The simple mixing equation that was used in the

calculation can be derived from the advection equation if flux in the

system is assumed to be unidirectional and if the length of the

individual mixing steps across the field area divided by the time steps

necessary to change concentration in each step are not greater than the

fluid velocity in the basin. Along with mixing, the weathering

reaction of albite altering to Na-Beidellite was added to the system.

PHREEQE allows the user to define the amount of mixing that occurs

between two end members while simultaneously maintaining the solution

at equilibrium with specified phases. A net number of moles of

chemical reaction as defined by the user can then be added and the

changes in solution chemistry calculated. By changing the amount of

mixing and the number of moles of reaction added to the system PHREEQE
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in effect allows the user to change the proportion of dilution to

reaction in the system.

The Casa Grande system is modeled by a two step process. The

first step corresponds to the mixing and dilution of high saline fluids

with central basin water. The second step corresponds to albite

weathering and consequent beidellite precipitation and kaolinite

dissolution reactions that must also proceed in the basin to balance

mass changes.

Two variations of the two step model are considered. In the

first, mixing alone occurs in the first segment and thereafter reaction

alone proceeds. In the second, mixing and reaction occur concomitantly

in the first segment and then in the second segment reaction only

proceeds. Along the mixing and reaction path .001 moles of reaction 13

are added during each mixing step.

13) .88NaA1Si308 +2.5 1120 + .75H+ = .13NaAl7SillO3o(OH)6 + .75Na+

1.3H4SiO4

In total .006 moles of reaction 13 are added during the mixing segment.

During the reaction only segment .004 moles of reaction 14 are added in

four equal steps.

14) .44NaAlSi308 + 1.3 1120 +.38H+ = .06NaAl7Sill030(OH)6 + .38Na+

+.63H4SiO4

The variation in concentration of sodium, pH, calcium, and

bicarbonate calculated by the model is plotted over the observed

chemical data in the basin on figures 15-18. Concentrations are
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versus Chlorine Molality and versus Silica Molality X 1000.
— Field data is overlain by lines that mark the trends
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plotted against both chlorine, figures 15A-18A, and against silica,

figures 15B-18B. Because chlorine is assumed to vary only as a result

of physical processes, plots of concentration of solution components

versus chloride depict changing conditions mostly attributable to

mixing. Silica concentration versus chlorine is shown in figure 19.

Along the mixing-only segment it can be seen that silica concentration

does not vary significantly, but does change significantly along the

reaction-only segment; therefore silica concentration acts as a good

measure of silicate reaction progress in the system.

Results show that the trends in data compositional variation in

the basin can be approximated by some combination of mixing and

reaction as most analytical data lie near the mixing-only and the

mixing-reaction lines. If a higher rate of mixing to reaction is

considered, the mixing-reaction line would plot further along on the

reaction side of the mixing-only line.

Silica concentration (figure 19) shows a slight increase if

mixing alone is considered in the first segment of the chemical model.

However if reaction is also considered, silica concentration drops

along the first segment, which seems to approximate the real variation

better than the mixing-only case. After mixing stops, silica drops

sharply in both cases as predicted from stability relationships (figure

11A). Albite weathering and kaolinite-Na-beidellite equilibrium force

silica to smaller values along the equilibrium boundary. The

analytical data also show a drop in silica concentration at low

chlorine concentrations thereby matching the model's predictions.

Sodium decreases because of mixing of saline water with more
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dilute central basin water but is present at values greater than that

predicted by mixing alone because of concomitant weathering reactions

(figure 15). Most analytical data plot closer to the reaction-mixing

line than the mixing-only line. In the second segment of the model

where albite weathering proceeds without mixing, sodium concentration

increases. This increase is best observed along the second segment of

figure 15B where sodium concentration is plotted against silica. The

analytical data in figure 15B also show a slight increase as silica

decreases.

pH not only increases as a result of mixing, as seen in the

mixing-only line on figure 16A, but also increases because of silicate

reactions. When mixing stops, pH rises abruptly, a pattern also

mimicked by the trend in analytical data.

Calcium decreases in solution both because of mixing of high

calcium bearing solution over the mine and because weathering forces

the consumption of acid and the consequent precipitation of calcite in

a system where calcite equilibrium is maintained. After mixing ceases,

calcium continues to decrease as silicate reactions proceed. This is

best seen in the second segment in figure 17B where calcium drops as

silica increases.

Bicarbonate is not well predicted by this model. Its

concentration does not vary significantly because of mixing, figure

18A, and is expected to decrease as calcite precipitates when subject

to weathering reactions. The analytical data does not show a definite

trend but neither does the model. Along the reaction-mixing line in

figures 18A&B bicarbonate decreases and then increases as mixing



49

overcomes the changes that affect bicarbonate during reaction.

Finally, the model predicts bicarbonate will decrease during the

reaction-only segment.

The analytical data reveal two controls, as shown in these

figures, where mixing control predominates as chloride values decline

and reaction control predominates when mixing ceases, as indicated by

near constant chloride values. The match of the model with the

analytical data justifies the two step procedure incorporated in the

reaction model. Major solute evolutionary trends in the basin are that

sodium and pH increase, while calcium, bicarbonate and silica decrease

as chemical reactions proceed and that sodium and calcium decrease, pH

increases and silica and bicarbonate remain constant as mixing

proceeds.

Conclusions 

Major solute chemistry is found to be controlled by both mixing

and chemical reactions in the western section of the lower Santa Cruz

basin. Groundwater composition in the system is strongly affected by

alluvium mineralogy. Groundwater throughout the basin remains in

equilibrium with kaolinite, montmorillonite, illite, and calcite.

Stability trends of analytical data along a hydrologic flow path in the

Na-Al-Si-O-H system suggest that irreversible weathering reactions

drive the system toward lower log a(H4SiO4) and higher log a(Ne/W).

This trend suggests that irreversible weathering of albite could also

be affecting groundwater geochemistry.

Plots of silicate ion activity products show that their
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variation is strongly related to present flow direction implying that

silicate equilibration reactions respond to the disruption of steady

state much faster than flow by nonreactive tracers such as chlorine.

Rapid reequilibration of solutions with silicates may result in a means

to define flow paths in systems where reaction rates exceed flow rates.

Mass balance analyses of three distinct system flow paths show

that a combination of mixing and mineral reaction can explain many

trends in compositional variation in the system. Non-reactive tracers

such as chlorine allow the determination of the amount of mixing

occurring in the system. Dissolution of albite, silica, and kaolinite

and the precipitation of Na-beidellite are the silicate reactions

required by mass balance calculation to cause mass variation not

accounted for by mixing in the Ca-Al-Na-Si-Cl-O-H system. Calcite

equilibrium is maintained and either precipitates or dissolves

depending on conditions in the system.

A reaction model that combines silicate weathering, clay and

calcite equilibrium, and solution mixing can approximate the trends of

analytical data in the system. The best fit is found in a two segment

model in which mixing and silicate weathering reactions proceed in the

initial step and in which weathering reactions alone proceed in the

second step while equilibrium is maintained throughout the system.

The evolution of major solute chemistry can be simulated by

reaction models in the Casa Grande system. Chemical variations

observed in the basin can be attributed to systematic processes which

could be applied to similar systems or as in the next section can be

used to explain observed behavior of trace components in groundwater.



CHAPTER 3

TRACE METAL GEOCHEMISTRY

An understanding of the migration behavior of metals in

response to weathering processes can be an important factor in defining

trace metal pathways and reservoirs in the hydrologic cycle. The

objective of this part of the study is to analyze trace metal migration

patterns in neutral to alkaline groundwater in alluvial desert basins

that are associated with ore deposits and to ascertain whether these

behavior patterns can be correlated with the evolution of major cation

chemistry.

Weathering of metal sulfide ore deposits often results in the

secondary or supergene enrichment of the primary ore. Consequently

much research has been devoted to the behavior of metals in solutions

that weather these deposits. During supergene alteration, sulfide

minerals are oxidized in the presence of oxygenated meteoric water and

release acid and free metal to solution.

15)CuFeS2 + 4.2502 + 1.51120 = Fe00H + Cu 2 + +2SO4= + If+

16) FeS2 + 3.2502 + .5H2 = Fe 3 + + 2SO4= +

The metal can be transported to reducing environments and precipitates

as metal sulfides to form an enriched ore zone, or can become deposited

as carbonate, silicate, or oxide minerals in the oxidized zone.

51
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Mine Water Composition 

The best available record of the character of the solutions

that weather ore deposits is water that now circulates through ores and

that may be collected in mines. Emmons (1917) compiled 41 analyses of

mine waters associated with sulfide ores and found them to be chiefly

solutions of heavy metals with appreciable amounts of alkali earths and

less significant alkali concentrations. The solutions are sulfate

waters with little carbonate or chloride and differ greatly in their

acidity and state of oxidation (22 acid, 14 neutral, 14 alkaline). The

solutions are plotted on a Piper diagram in figure 20A, which portrays

geochemical data on trilinear diagrams to characterize the chemical

composition in a qualitative manner. Emmons notes that with increasing

depth in the mines the solutions change from acid to neutral to

alkaline, while all cations decrease with decreasing acidity except the

alkali cations which increase. Silica initially decreases as the

solutions become neutral but increase as the solutions become alkaline.

Mine water was collected for this study from the Lakeshore

mine, an underground mine located approximately 28 miles south of the

Casa Grande field area. Lakeshore is typical of base metal deposits of

southeastern Arizona. A Laramide quartz monzonite has intruded

Precambrian crystalline and metasedimentary rocks in the Lakeshore area

(South 1972) resulting in the deposition of disseminated sulfides ores

in the siliceous host rocks and the deposition of high grade tabular

bodies of chalcopyrite associated with magnetite and silica in

limestone host rock. Supergene oxidation and enrichment mineralization

overprints part of the disseminated ore zone. Although much of the
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Figure 20. Piper Diagram of Waters Associated with Sulfide Ore Bodies.
A. Data from Emmons (1917). B. Data collected from
Lakeshore Mine, Arizona.
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mineralized body lies buried beneath alluvial layers, as depicted in

the cross section in figure 21, groundwater has come into contact with

the deposit as evidenced by the oxidized zone.

Mine waters were collected from three different levels along

fracture zones below the high grade ore, within the lower porphyry, and

along the Lakeshore fault (figure 21). In situ measurements were made

of pH, temperature, and dissolved oxygen. In the mine's laboratory

samples were filtered through a .45um Metricel membrane, and

measurements made for pH and conductivity. Major element analyses was

later done at the University of Arizona Analytical Center.

Temperature of water in the mine ranged from 80 F to 178 F.

The hot water is related to fluids rising from depth along fracture

surfaces. These solutions have high conductivities and may be similar

to the waters found in the Casa Grande area over the ridge and the ore

deposit. The Na/C1 ratio in the Lakeshore solutions is greater than

one as in samples from over the Casa Grande ridge, but bicarbonate is

very low and calcium high as in samples from over the Casa Grande ore

deposit. Chemical analyses of the Lakeshore mine waters are plotted on

figure 20B.

It can be seen from the Piper diagrams of Emmon's and Lakeshore

data that mine waters associated with sulfide ores are mostly sulfate

waters and carry little carbonate and chloride. Acid produced by the

oxidation of pyrite in ore zones tends to drive carbon dioxide out of

solution.

17) 1.14- + HCO3 - = CO2(1) + H20
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Where the host rock contains calcite this reaction produces a solution

in which the calcium concentration in the fluid can be higher than

bicarbonate concentration, similar to the well waters analyzed from

over the mine in the Casa Grande area.

Stability relationships were determined for Lakeshore waters

with respect to silicate minerals in the Na-Si-O-H system. Although

the analyses of the waters did not include aluminum and therefore it is

not possible to determine whether these solutions are actually in

equilibrium with the clay minerals, the solutions plot close to the

kaolinite-Na-beidellite equilibrium boundary on activity-activity

diagrams The acid produced during the oxidation of ore advances the

rate of silicate weathering in these deposits. From X-ray analyses of

silicate minerals Marozas (1982) found that montmorillonite and

kaolinite are common clay phases in the deeper zones of weathered ore

deposits.

The characteristics of solutions that enter the groundwater

system from around mines, significant in this study are that they have

low HCO3:Ca ratios, are in equilibrium with kaolinite-Na-beidellite,

are acidic in nature and are associated with sources of high saline

fluids that carry base metals.

Trace Metal Composition of Groundwater in the Casa Grande Area

The Casa Grande West - Santa Cruz porphyry copper-molybdenum

deposit located within the field area of this study contains at least

350 million metric tons of ore with greater than 1 percent copper

(Nowlan et al. 1981). The deposit occurs as fracture fillings in a
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Laramide dacite and porphyry that has intruded Precambrian granite, is

covered by at least 800 meters of alluvial sediment and has no visible

expression at land surface. According to Nowlan et al. (1982) and

Lowell (1984) primary chalcopyrite mineralization in the deposit is

overlain by supergene mineralization that consists of chalcocite,

atacamite, and other oxides, and silicates of copper. There is

sericitic and potassic alteration associated with primary

mineralization and a zone of propylitic alteration that extends outward

for at least 1 km.

Groundwater that carries metals from the deposit mixes with

neutral to alkaline basin waters that maintain oxidizing levels of p02.

Winograd and Robertson (1982) detected significant (2 to 8 mg/liter)

concentration of dissolved oxygen in groundwater from all shallow and

deep alluvial aquifers sampled in the southern Arizona portion of the

Basin and Range Province. Winograd and Robertson suggest that the

environment of deposition of Basin and Range alluvium was oxidizing and

readily oxidizable organics or minerals are not preserved in the

system. The dissolved 02 and ferrous Fe measurements of wells in the

western section of the Santa Cruz basin by Ficklin et al. (1981)

strongly suggest that oxidizing conditions prevail at depth.

Nowlan, Ficklin, and Preston (1981) present trace metal values

for groundwater around the Casa Grande-Santa Cruz deposit. The purpose

of their study was to determine if the deposit was reflected in

groundwater over and near the deposit. Table 4 presents the range of

some of the trace metal values from that study. The geochemical

patterns outlined by Nowlan et al. (1981) show that higher values of
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Table 4. Range and Average Concentration of Trace Solutes in the Casa
Grande Field Area.

Component Minimum Maximum Mean Standard Dey

Ag, ug/1 O. 20 1. 50 O. 63 O. 39

Al, ug/I 19.00 86. 00 45. 00 15. 00

Cr, ug/1 1. 60 56. 00 15.00 9. 50

Cu, ug/I 1.00 12.00 4. 10 2. 20

Mo, ug/1 2. 10 11. 00 5. 40 2. 20

Zn, ug/I 1.70 40. 00 4. 40 5. 40
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metals are not limited to wells over the deposit although they are

centered on the deposit. Nowlan et al. statistically analyzed the

complete set of groundwater compositions by factor analysis in an

attempt to clarify possible relationships among the constituents.

Their factor analysis results show a strong relationship between Ca,

Mg, K, Sr, SO4, Cl, Ba, Li, Rb, and Zn. A second factor relates Na,

SO4, F, Ag, Co, Cs, Cu, Li, and Ni. The first group of elements also

shows a pronounced spatial relationship with the Casa Grande-Santa Cruz

deposit and the area northwest of the deposit. The pattern given by

this group is almost the same as the one shown by Ca and Cl (figures 6

and 7). The second group is spatially related to the Na pattern with

high values over the ridge south of the ore deposit (figure 8). This

relationship between the base metals and major cation chemistry

suggests that some behavioral control of metals is associated with

major cation evolution.

Controls on the Concentration of Base Metals in Solution 

The behavior of trace metals in aquatic systems is complicated

because of the large number of possible interactions with ligands and

particulate components. The solution geochemistry of base metals is

markedly influenced by the formation of complexes with hydroxyl,

carbonate, sulphate, and chloride ions and by the formation of

insoluble precipitates with these same anions. If relevant stability

constants are known, the equilibrium concentration of a dissolved

metal, its speciation and its stable soluble compounds can be

calculated.
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Chemical speciat ion of trace metals in the Casa Grande area was

calculated with the computer program WATEQ2. The thermodynamic data

for aqueous species used in this study, with one exception are those

compiled by Ball et al. (1979) for use with low-temperature natural

waters. The exception was in the choice of the second hydrolysis

constant of Cu2'. Hydrolysis of Cu2 + plays an important role in the

chemistry of copper. Hydrolysis of copper can be characterized by:

18) Cu2 + + nH20 = Cu(OH)n +

19) Bn = [(Cu(OH)R - n] [(11')]"/(Cu2 +]

where n = 1 or 2, and B is the hydrolysis constant. The degree of

hydrolysis controls the portion of total free copper in solution. The

confusion in B Cu(OH)2 arises from the discrepancy between analytical

and theoretical estimates of its value.

Quintan (1937), Spivakovskii and Mokougkaga (1968), and Vuceta

and Morgan (1977) analytically found the value to be close to -13.7, by

three different determinative methods. However Mesmer and Baes (1974)

estimated that the constant should be closer to -17.3 based on the

stepwise decrease in Ky-1.1/Kr solubility constants found for numerous

other cations. Paulson and Kester (1980) evaluated the constants at

low total copper concentrations, at alkaline pH, and at several

different ionic strengths. The value they found was log B2=-16.24 or

much closer to theoretical prediction. Paulson and Kester believe that

the values found by other researchers are less accurate because of

analytical methods that do not account for adsorption, that use high
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total copper values and low pH in order to use ion sensitive electrodes

for measurements, and to solubility studies that do not account for the

solution control that solid phases exert.

A smaller stability constant (log B Cu(OH)2 = -16.24) results

in a shift in equilibrium away from the production of hydrolyzed

species, which for a given pH and alkalinity will result in a tendency

towards complexing with carbonate. The Paulson and Kester constant was

selected for this study because their experimental considerations are

pertinent for conditions present in the Casa Grande field area, i.e.

low total copper in solution, low ionic strength, neutral to alkaline

pH values, and their value is in closer accord with that predicted by

theoretical means.

Adsorption of trace metals onto solid phases has been found to

be the most significant factor in the regulation of dissolved metal

concentration in many natural systems (e.g. Benjamin and Leckie (1981),

Bourg (1983), Vuceta and Morgan (1978)). Various theories have been

proposed to describe and interpret the adsorption of metal ions on

solid surfaces. The approach favored by most researchers interprets

adsorption behavior in terms of adsorbable species with chemical

entities on the solid surfaces. Where SOH represents a single

protonated surface oxide site, the surface can enter into complexing

reactions,

20) SOH + Me2 + + H20 = SOMe0H + 211+

with other ions in solution and protons are released when an

uncomplexed metal adsorbs. Inspection of the reaction allows
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prediction of the effects on adsorption of changing pH or adsorbent

concentration. Increasing SOH or pH drives the reaction to the right

increasing adsorption of cations. Adsorption reactions between

solution and solid phases can be an equilibrium condition in which the

above reaction is attained rapidly and thereafter remains constant.

Experimental evidence shows that the treatment of surface sites as

conventional ligands allows the prediction of partitioning between

dissolved and adsorbed phases to be made with a fair degree of

certainty in natural systems (Mouvet and Bourg 1983).

In a steady state groundwater system, where an input of cations

has saturated available surface sites at any point along the

groundwater flowpath, all original surface sites can be considered to

be in a state of adsorption-desorption equilibrium in which only the

production of new sites will affect the distribution of cations in

solution. At low concentrations in the basin trace metals can be

effectively outcompeted for these newly precipitated sites by the major

cations in the system. Therefore the overall effects of adsorption on

trace metals in this groundwater system is considered to be minimal.

Precipitation of metal oxides, hydroxides, carbonates,

hydroxide-carbonates, and silicates is another significant control on

trace metal concentration in aquatic systems. Hydroxide and carbonate

are dissolved constituents of all natural waters and can combine with

metals to form solid phases and aqueous complexes. Calculations from

solubility products and total metal ion concentration alone can be

misleading unless all reactions and equilibrium related to mineral

solubility and complexing are considered. For example neither
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adsorption nor simple mineral precipitation can explain the association

of copper with sodium rich waters and zinc with calcium rich waters

found by Nowlan et al. (1980).

Because trace metal solubility and speciation depends on the

concentration of hydroxides and carbonates, trace metal behavior in the

Casa Grande area will be controlled by changing condition in solution

character. A systematic cause for the variation of major solute

chemistry in the basin has been related to the effects of mixing,

silicate weathering, and mineral equilibrium. The next section focuses

on the concomitant variation in metal behavior that is induced by major

solute evolution.

Reaction Model with Trace Metals 

Metal speciation along a particular flow or reaction path will

depend on conditions of the system i.e. ligand abundance, pH, cation

competition. The computer program PHREEQE with Cu and Zn metal complex

species added to the data base was run along the same reaction path as

the major cation model. That is, an initial segment where mixing steps

and reaction steps are varied together until central basin chloride

values are reached and a second segment where reaction only controls

the system.

Figures 22A-25A show the trace metal speciation for the Casa

Grande well data plotted against both chloride and silica molality, as

calculated by computer program WATEQ2. Metal species are divided into

three groups; as percentage of free ion, the percentage complexed as

carbonate species, and the percentage complexed by hydroxide to total
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Figure 22. Percentage of Copper Species in Solution versus Chloride
Molality X 1000. - A. Analytical Data, B. Mixing-Only
Model, C. Mixing/Reaction Model.
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Figure 23. Percentage of Zinc Species in Solution versus Chloride
Molality X 1000. - A. Analytical Data, B. Mixing-Only
Model, C. Mixing/Reaction Model.
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Figure 24. Percentage of Copper Species in Solution versus Silica
Molality X 1E4. - A. Analytical Data, B. Mixing-Only
Model, C. Mixing/Reaction Model.
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metal in solution. The individual species in each group are:

21) Met = [Me] + [Me(OH) 41 + [Me(OH)2] + [Me(OH)31 + [Me(OH)4]

+ [Me(C1)+] + [Me(C1)2] + [Me(SO4)] + [Me(CO3)+J +

[Me(CO3)2] + [Me(HCO3) 41

22) Mefree = [Me2 +]

23) MeCarb = [Me(CO3) 11 + [Me(CO3)2] + [Me(HCO3)+]

24) MeHydrox = [Me(OH)+] + [Me(OH)2] + [Me(OH)31 + [Me(OH)t].

Other ligand groups such as sulfate and chloride complexes formed an

insignificant percentage of the total metal in solution in the Casa

Grande system.

Figures 22B-25B show the speciation calculated where mixing

only is considered in the first segment and in the second segment .004

moles of the following reaction is added in four equal steps.

25) .44NaA1Si308 + 1.3H20 + .38H+ = .06NaAl7Si11030(OH)8 + .38Na 2 +

+ .63H4SiO4

Figures 22C-25C show the speciation calculated for the model where at

each dilution step .001 moles of the following reaction is also added

to the system.

26) .88NaA1Si3013 + 2.5H20 + .7511+ = .13NaAl7SiiiO30(OH)8 + .75Na2 +

+ 1.3H45iO4

In total along the mixing/reaction line .006 moles of reactant are

added.



69

Figures 22 and 23 show speciation plotted against chlorine and

figures 24 and 25 are plotted against silica. Because chlorine changes

only during the mixing segment of the model, a graph of speciation

variation against this component shows changes primarily occurring

because of mixing. Because silica does not significantly change during

mixing and decreases significantly during reaction, plots of speciation

variation plotted against this component show the changes attendant

with reaction in the system.

Copper speciation is dominated by carbonate complexes. The

mixing only model (figures 22B-25B) show that approximately 80% of

copper in solution is initially present as carbonate complexes and

approximately 209  as free ion. As mixing proceeds carbonate increases

at the expense of the free ion in solution. The addition of the .004

moles of reaction to the solution in the second segment of the model

has little affect on copper speciation. Figure 24B shows that

carbonate drops and Cu-hydroxide species increase only slightly during

the weathering reaction segment of this model.

In the model where reactions are also included in the first

segment (figures 22C-25C) the speciation results show much the same

situation, as carbonate complexes predominate throughout. However in

the second segment of the model the addition of .004 moles of reaction

affects complexation much more significantly than when reaction was not

considered in the first segment and hydroxide complexes (figure 24C)

rise to about 25% of total copper in solution.

Speciation of copper as calculated from the well data (figures

22A & 24A) also shows a strong predominance of copper carbonate
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complexes throughout the system. There is a slight rise in hydroxide

species at the low chloride/silica end of the diagrams, which would

correspond to the rise in hydroxides expected because of silicate

weathering and increasing pH in the system.

Speciation behavior of zinc in the system is quite different.

The mixing only model (figures 23B & 25B) shows that initially zinc in

solution is present as about 75% free ion and 25% carbonate complexes.

As mixing proceeds, free ion decreases in favor of the carbonate

complexes. The addition of silicate reaction in the second segment of

the model, unlike the copper system, causes a speciation shift. As

reaction is added, figure 25B shows that carbonate and hydroxide both

increase significantly as concentration of free ion decreases. In the

mixing-reaction model where weathering reactions are included during

the mixing segment (figures 23B & 25B) a similar trend is seen, where

carbonate becomes the predominant species over free ion, but the change

in predominance occurs earlier in the model and hydroxide complexes

begin to become significant during the mixing/reaction stage. As the

albite reaction is added in the second (i.e. reaction only) segment of

the model the carbonate complexes (figure 25C) begin to yield

predominance as the percentage of hydroxide complexes approach 35% of

total zinc in solution.

Comparison of the results from the model with basin data shows

similar trends in speciation behavior. Initially free zinc is

predominant, but carbonate and hydroxide become important in the low

chloride/silica range. Hydroxide complexes in figure 25A approach 25%
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of zinc speciation, which follows the trend calculated in the

mixing/reaction model.

Trace metal speciation trends in the Casa Grande system are

fairly well matched by trends calculated from the reaction model that

was developed for major solute evolution in the system. These results

show that it is possible to predict the evolution of trace metal

speciation behavior in a system where major cation chemistry is

understood. In the next section the consequences of this control on

trace metal segregation and migration in solution will be considered.

DISCUSSION AND ANALYSIS

As was noted before, Zn is associated with Ca rich waters and

Cu is associated with Na rich waters in the Casa Grande field area. To

test the behavior of the base metals in these waters, three new

reaction models are developed that follow albite weathering and the

consequent changes in solution composition along the three phase

solution-kaolinite-Na-beidellite boundary for three different starting

solutions. The first is a water representative of the central basin,

which is not compositionally related to the high Ca or high Na

groundwater in the area. The second is a high Ca water which also

happens to be associated with the highest Cl values and occurs directly

over the ore deposit. The third is a high Na and high bicarbonate

water located over the ridge but slightly south and east of the

deposit.

The reactions that influence chemistry in the model are:

27) 7Albite + H + 1120 = Na-Beid + 6H+ + 10H4SiO4
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28) 3.5Kaolinite + Na 4 + 4H4SiO4 = Na-Beid + 11 4 + 11.51120

29) Ca2 + + HCO3 - = Calcite + 114

and all proceed from left to right as albite is dissolved and H4 ion is

consumed. The number of moles of albite added to the system marks

reaction progress. The percent speciation of metals for each starting

solution versus the number of moles of albite added are plotted in

figures 26-28. Three different patterns develop.

In the central basin carbonate complexes initially predominate

copper speciation (figure 26A). As reaction proceeds and pH rises in

the system, hydroxide complexes increase until they become the

predominant species. A similar situation occurs in the zinc system

(figure 26B), except that initially, free Zn2 + is also a significant

percentage of the total metal.

The high Ca waters over the mine area are characteristically

higher in Ca than in bicarbonate. This initial condition is

significant in the control of metal complexes as weathering reactions

proceed. During the equilibrium precipitation of calcite, Ca2 + and CO3 -

are removed from solution in equal molar proportions while the ion

activity product [Ca24 ][CO5] must remain constant. The net effect of

equilibrium precipitation of calcite on waters of varying initial

HCO3:Ca ratios is that waters where HCO3:Ca is much greater than one

will become enriched in HCO3 - and depleted in Ca2 +, the opposite is true

for waters where HCO3:Ca is much less than one, this water will become

depleted in HCO3 - and enriched in Ca2+. Therefore as calcite

precipitates in waters where bicarbonate is available in limited
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amounts bicarbonate concentration is reduced and the amount of metal

that can be complexed as carbonate species will be limited.

Copper speciat ion is predominated by carbonate complexes in the

high Ca (figure 27A) waters but because of limited carbonate

availability, free Cu2 + ion is also a significant percentage of the

initial copper in solution. As weathering reactions proceed, hydroxide

species increase at the expense of copper carbonate and free metal

species. For zinc in the high Ca waters (figure 27B), unlike the

central basin waters, free Zn2 + is the predominant complex and

carbonate is secondary because of limited carbonate availability. As

reaction proceeds hydroxide complexes become important. It should be

noted that the initial pH of the high Ca solution is lower than the

central basin initial pH, so hydroxide complexes become important at a

later stage of reaction progress in the high Ca waters.

The high Na waters contain high carbonate relative to Ca, and

therefore calcite precipitation induced by 11+ consumption of the

silicate reactions has little effect on carbonate concentration. The

Cu system (figure 28A) is predominated by carbonate complexes

throughout the weathering model. Free Zn2 + initially predominates but

becomes secondary as carbonate complexes increase as pH rises (reaction

30).

30) Zn2 + + HCO3 - = ZnCO3 + 11+

The hydroxide species in this system are never able to outcompete the

bicarbonate for metal even though 0H- ligands increase in solution as

weathering reactions proceed.
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It is important to determine the predominant metal species in

solution because the stability trends of metal oxides, oxyhydroxides,

hydroxides, carbonates, and hydroxycarbonates are in part controlled by

the dominant species in solution. In figure 29 from Stumm and Morgan

(1981) the most stable copper and zinc minerals for condition in this

system are tenorite and hydrozincite.

Evaluation of the stability of the minerals in the face of

changing metal speciation can be achieved by writing reactions between

each of the dominant dissolved species and the solid.

31) CuO + 2H4 = Cu24. + H20

32) CuO + H 4- + HCO3 - = CuCO3 - + 1120

33) CuO + 11+ = Cu0H+

34) Zn(OH)1.2(CO3).4 + 1.6H4 = Zn2 + + .4HCO3 - + 1.2H20

35) Zn(OH)1.2(CO3).4 + .611+ + .6HCO3 - = ZnCO3 + 1.2 1 20

36) Zn(OH)1.2(CO3).4 + .611 4- = Zn0H+ + .4HCO3 - + .2H20

These reactions show that for systems in which free copper or copper

hydroxides are dominant, pH controls solubility. If copper carbonate

is dominant, pH and carbonate control solubility. The reactions also

show that for the zinc system pH and carbonate control solubility, and

the effect of this control, i.e. forcing the reaction left or right,

depends on the dominant species. The stability relationships between

solids and complexes and the different complexation trends that copper

and zinc follow along the same weathering reaction path can offer a

possible explanation for the separation of Cu and Zn in the Casa Grande

groundwater system.
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Initially in the high Na solutions copper is almost exclusively

present as copper carbonate. In the high Ca solutions copper is

approximately 75% Cu-Carbonate and 25% free Cu2 +. Stability equations

can be written for each system;

37) high Na: CuO + W + HCO3 - = CuCO3 + H20

38) high Ca: CuO + 1.25H+ + .75HCO3 - = .75CuCO3 + .25Cu2 +

+ H20

In the sodium system because bicarbonate concentration is much greater

than calcium concentration, as calcite precipitates bicarbonate

concentration does not change significantly. Therefore the most

important change in the systems characteristics that affects reaction

37 is the consumption of II+ by silicate weathering. In the high

calcium system because calcium concentration is initially much greater

than bicarbonate concentration, calcite precipitation causes a

significant decrease in bicarbonate concentration. In the high calcium

system, as reaction proceeds not only is II+ consumed at a faster rate

than the sodium system, but now bicarbonate consumption also affects

the reaction. Copper therefore is more favored to remain in solution

as weathering proceeds in waters typical of the high sodium system.

Initially in the high Na solutions, free Zn2 + and Zn-Carbonate

are important complexes, both present at approximately 50% of the total

metal, while in the high Ca solutions free Zn makes up about 80% of

complexes and Zn-carbonate complexes about 20%. For these situations

hydrozincite stability can be written;
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39) high Na: Zn((OH)1.2(CO3).4 + 1.1H+ + .111CO3 - = .5ZnCO3 +

.5Zn2+ + 1.2H20

40) high Ca: Zn(OH)1.2(CO3).4 + 1.411+ = .8Zn 2 + + .2ZNCO3 +

1.2H20 + .2HCO3 -

Weathering reactions proceeding in high Na waters tend to force

reactions to the left by II+ consumption. In the high Ca waters the

decrease in HCOs - tends to force the reaction to the right, contrary to

the pH control that forces the reaction left. This would tend to slow

precipitation and would favor Zn in solutions like the high Ca

solutions. However, as pH rises the effects of bicarbonate on the

reaction becomes lessened because the magnitude of pH change outweighs

bicarbonate variation and eventually Zn would be more likely to stay in

solutions where solubility is less strongly controlled by rising pH

like the high Na solutions.

Many of these conclusions can be easily seen by plotting the

change in molality of total metal calculated for each system if

equilibrium is maintained with tenorite and hydrozincite throughout the

reaction path (figure 30). As weathering reactions proceed more zinc

is lost from solution than copper in the high calcium system (figure

30A). However in the high sodium system (figure 308) copper and zinc

are precipitated in equal amounts early in the model and only at the

end of the model is more copper lost from solution than zinc.

Therefore with respect to copper molality in each system zinc is

relatively more abundant in the high calcium system, than in the high

Na system, thus a segregation in the groundwater can be achieved.
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Conclusions 

Copper and zinc in the Casa Grande groundwater system become

separated in solution upon migration. The behavior patterns are

associated with major cation chemistry. Copper is associated with high

sodium bearing waters while zinc is associated with high calcium

bearing waters. The influence of major solute chemistry on trace metal

speciation in solution is found to contribute to this behavior pattern.

Metal speciation can be predicted by the reaction model that

describes major solute evolution in the system. The model is run in

two segments which combines mixing/reaction and reaction only stages

and can approximate the speciation distribution of metals in solution.

Metal mineral stability along weathering reaction paths is in

part controlled by the nature of dominant metal complexes. The complex

speciation in turn is controlled by the evolution of major solute

chemistry.

The separation of copper and zinc during groundwater transport

can be explained by the effects that weathering and equilibrium have on

the three distinct basin type solutions present in the field area. One

of the most important controls on metals in neutral to alkaline

groundwater systems is the HCO3:Ca ratio in solution where calcite is

at equilibrium. During weathering if it is assumed that tenorite and

hydrozincite control total metal concentration, copper is relatively

more abundant than zinc in the high sodium water where HCO:Ca

concentrations are initially high and relatively less abundant than

zinc in solutions like the high calcium solution where HCOG:Ca is low.
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Variation in metal concentration and behavior can be predicted

in systems where major solute chemistry is predictable. It is possible

to identify basins with favorable evolutionary histories for the

concentration of base metals.



CHAPTER 4

CENTRAL ARIZONA PROJECT MIXING MODEL

All mixing previously modeled in this study has been between

solutions that are strongly influenced by alluvium mineralogy and are

in equilibrium with kaolinite, Na-beidellite and calcite before mixing

occurs. If a solution were to be introduced into the Casa Grande

system from a source whose composition is not controlled by silicate

and carbonate mineralogies, the subsequent response of the system must

include mineral reactions that return fluid composition in the aquifer

to a state of equilibrium with the alluvium mineralogy.

One possible source of recharge is from Central Arizona Project

(CAP) canal water. Average analysis of CAP water from the Phoenix,

Arizona area is shown in Table 5, along with analyses from three wells

that represent the distinct water chemistries found in the Casa Grande

area for comparison. Well #2264 represents the central basin

solutions, well #2253 represents high Ca and high Cl solutions over the

ore deposit, and well #2259 represents high Na water from over the Casa

Grande ridge. The mineral stability relationships of these solutions

are illustrated by plotting activities calculated by computer program

WATEQ2 at 25 ° C on an activity-activity diagram for the Na-Si-O-H system

in figure 31A . The CAP solutions fall in the stability field of

kaolinite, although this does not necessarily imply equilibrium with

kaolinite because aluminum concentration analyses are lacking for the

84
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Table 5. Chemical Analyses of Central Arizona Project (CAP) water and
Three Groundwater Samples from the Casa Grande Field Area.

COMPONENT Ca	 Na	 Si	 Cl	 HCO3	 pH

mmoles/1

CAP 1.35 4.87 0.18 0.28 1.50 8.54

2264 0.73 2.52 0.67 0.54 2.35 7.90

2253 8.47 11.35 0.71 23.18 1.54 7.23

2259 2.17 20.45 1.07 11.87 4.83 7.27
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CAP water. The basin waters lie near the kaolinite-Na-beidellite

boundary and are in equilibrium with these minerals. The reaction

quotient for calcite for these solutions is plotted in figure 318 and

shows that the Casa Grande system is near calcite equilibrium while the

CAP waters are supersaturated with respect to calcite.

Mixing and mineral reactions are modeled with computer program

PHREEQE. Compositional variation of three different interaction

scenarios are considered. First, composition is calculated where no

reaction occurs in the system and only mixing between CAP water and

basin groundwater controls concentration. Second, the system is mixed

and mineral reactions proceed to reestablish equilibrium with

kaolinite, Na-beidellite, and calcite. Finally, the system is mixed,

equilibrium established, and reactions added to the system that model

albite weathering. All three scenarios are considered as CAP waters

mix with each of the three distinct basin solutions. The

concentrations of individual components calculated by the model are

plotted versus the fraction of basin water in the mixture in figures

32-37.

Major Solute Behavior 

If mixing alone determines fluid composition, then component

concentrations vary directly with the fraction of mixing. The

calculated concentration of each constituent follows the "mix" line on

figures 32-37. Sodium and calcium are present in higher

concentrations, in both wells *2259 and *2253, than is introduced in

the CAP solutions. However CAP waters have higher Ca and Na
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concentrations than the central basin, well *2264. This result is

illustrated by positive slopes in the mixing lines for *2259 and *2253

and a negative slope for *2264. Silica and bicarbonate in all three

basin waters are higher and pH is lower than CAP water.

The mixing/equilibrium case considers the system's response to

the introduction of unequilibrated solutions into the basin. The

calculated trends are depicted on figures 32-37 along the "equil/mix"

lines, and are calculated by mixing the basin solution with CAP water

while maintaining equilibrium with respect to kaolinite, Na-Beidellite,

and calcite. In all cases silicate mineral reactions respond to mixing

and restore equilibrium. LeChatlier's principle requires that the

equilibrium reaction 41 (below) respond to dilution of sodium and

silica by dissolving beidellite and precipitating kaolinite.

41) Na-Beidellite + H + 11.51120 = 3.5Kaolinte + Na 2 + + 4H4SiO4

This reaction results in a net production of Na and Si and loss of H.

If equilibrium is maintained in the system during mixing,

reaction 41 proceeds to the right in all three areas (i.e. central

basin, high calcium, and high sodium), even in the central basin where

sodium concentration is lower than in the CAP water and therefore

increases with mixing. 	 This is because in the central basin, although

sodium concentration increases, silica concentration decreases with

mixing and is present at low concentrations, therefore silica is the

limiting component in the equilibrium reaction. That is, the loss of

silica by dilution will not allow reaction 41 to go to the left even in

the presence of increasing sodium concentration.
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In all three cases, the central basin, high calcium, and high

sodium, calcite precipitates not only because supersaturated CAP waters

are required by the model to come to equilibrium with calcite but also

because H+ consumed by silicate reactions, (equation 41) forces calcite

precipitation by reaction 42.

42) Ca2 + + HCO3 - = Calcite +

Both of these effects overcome the tendency for reaction 42 to go to

the left when calcium and bicarbonate are diluted in the system.

Comparison of the "equil/mix" i.e. equilibrium model

concentrations to the "mix" i.e. mixing-only model concentrations on

figures 32-37 allows estimation of the difference in groundwater

composition expected if equilibrium reactions are maintained in the

system. In all three areas (i.e. central basin, high calcium, and high

sodium) when compared to concentrations calculated from mixing alone,

the equilibrium model predicts lower bicarbonate and calcium and higher

sodium and silica concentrations.

pH variation is controlled both by silicate and by carbonate

mineral reactions (equations 41 and 42). In the high calcium and

central basin areas when equilibrium is maintained with alluvium

mineralogy the silicate reactions predominate and pH is lower than

calculated by the mixing-only model. However, in the high sodium

system, mixing results in little change in total sodium and the least

change of all three systems in silica concentration. The result of

this difference is that in the initial stages of mixing with the high

sodium ridge waters pH is more strongly influenced by calcite
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precipitation (reaction 42) and pH decreases with respect to mixing

alone. For example, when the mixture is a .10 fraction of CAP water

the high sodium system responds by precipitating 7.5E-5 moles of

kaolinite, whereas the same fraction of CAP water, in the high calcium

system precipitates 5.1E-4 moles of kaolinite, and in the central basin

precipitates 4.6E-4 moles of kaolinite. The number of moles of

kaolinite that are precipitated is a measure of the amount of silicate

reaction necessary to reestablish equilibrium in the system. Therefore,

in the high sodium area, silicate reactions would have less influence

on water chemistry during CAP recharge than in the high calcium or

central basin areas.

If the weathering of albite also proceeds along with mixing and

equilibration, the concentration of groundwater components is also

affected by the following reactions.

43) 7Albite + 611 4- + 201120 = Na-beidellite + 6Na+ + 10H4SiO4

44) 3.5Kaolinite + Na2 + + 4H4SiO4 = Na-beidellite + H+ + 11.51120

45) Ca2 + + HCO3 - = Calcite + 114-

Weathering of .8 mmoles of albite was dissolved into the system at each

mixing step. A total of 4.8 mmoles of albite is introduced into the

aquifer during mixing. The calculated trends in concentration are

depicted in figures 32-37 by the "react/equil/mix" line. Overall the

weathering reactions result in an increase in sodium and pH and a

decrease in silica and calcium.

In all three areas when albite dissolves into the system,

sodium increases and calcium and bicarbonate decrease in solution with
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respect to both the mixing only and equilibrium/mixing lines. Silica

decreases and pH increases with respect to the equilibrium/mix lines in

all areas of the basin. However the values of silica and pH calculated

for the weathering scenario cross values calculated for the mixing only

scenario when CAP waters dominate the mixture, i.e. at low fractions of

basin water in the mixture. This turnover in concentration is a result

of keeping the moles of albite that dissolve into the system constant

while the amount of CAP waters is increased. When greater amounts of

CAP waters are added, equilibrium reactions exert a stronger influence

on groundwater composition than the weathering reactions. Constant

weathering rates may not be a valid assumption in the system, but it

serves to illustrate the difficulty associated with predicting the

compositional outcome of mixing unequilibrated CAP water with basin

solutions.

Chapter three illustrated the dependance of trace metal

speciation behavior on major solute evolution in groundwater systems,

and therefore it is expected that mixing with CAP waters will also

affect this behavior. The next section assesses the influence of the

CAP mixing model on copper and zinc speciation in groundwater.

Trace Metal Behavior

Trace metal speciation behavior that accompanies CAP mixing

with Casa Grande basin waters as calculated by PHREEQE is shown in

figures 38-43. Figures 38A-43A show speciation behavior calculated for

mixing alone. Figures 38B-43B show speciation behavior when mixing and

equilibration is considered. Figures 38C-43C shows speciation behavior
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when a constant amount of weathering reaction 43 is added to the system

during each mixing step, while equilibrium with respect to kaolinite,

Na-beidellite, and calcite is maintained.

In all three systems copper carbonate species predominate

(figures 38-40) and at the CAP mixing end reach approximately 90% of

total species in solution. In the mixing only model (figures 38A-40A)

as mixing proceeds, free copper decreases while hydroxide complexes

increase to about 10% of total species. The influence that equilibrium

reactions exert on copper species (figures 38B-40B) when compared to

mixing alone is that they slightly decrease the tendency for hydroxide

complexes to form at the high CAP fraction end of mixing and thereby

maintain free copper in solution. An opposite influence is exerted by

albite dissolution (figures 38C-40C) which increases the tendency of

copper to form hydroxide complexes.

Assuming that tenorite equilibrium controls copper chemistry in

this system, it is possible to use equilibrium equations to predict the

effects of copper speciation on total metal concentration in solution.

The following equations define the relationships between tenorite and

the most significant individual species in the "free", "hydroxide", and

"carbonate" speciation groups.

46) CuO + 211 4- = Cu2 + + H20

47) CuO + 11+ + HCO3 - = CueO3 + H20

48) CuO + 11 4- = Cu011 4-

The percentage of each species type and the activities of the

major solutes are known at each step in the model, and so the relative
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influences of each speciation reaction on total tenorite solubility can

be calculated. For example if copper carbonates species alone

predominate, bicarbonate concentration and pH will influence tenorite

solubility by equation 47, but if 90% of the copper species are

carbonates and 10% are hydroxides the following equations apply;

49) .10[CuO + if+ = Cu011+1

50) .90[CuO + 11 4. + HCO3 - = CuCO3 + H20]

and can be combined as;

51) Tenorite + 1.0[H+] + .9[HCO3-] = CuTotal +.9 H20.

In this case the influence of bicarbonate on tenorite solubility is

slightly decreased with respect to the situation in which only

carbonate complexes are present. The potential effects of CAP mixing

on total copper molality in solution is illustrated in figures 44A-46A

as the change in total metal molality versus fraction of basin water

for each model scenario.

For all three systems, central basin, high calcium, and high

sodium, mixing with CAP water decreases total copper molality in

solution. If equilibrium reactions are also modeled copper molality is

calculated to be higher than the mixing only model for central basin

(2264) and high calcium (2253) groundwater, but lower in high sodium

(2259) groundwater. These results are to be expected because as

equilibrium is restored by chemical reaction, pH and bicarbonate

molality decrease in the high calcium and central basin areas. When

copper carbonate species predominate both of these conditions tend to

decrease tenorite stability. However, in the high sodium case,
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equilibration reactions slightly increase pH while bicarbonate is

little changed, resulting in an increase in tenorite stability in the

equilibrium/mixing model with respect to tenorite stability in the

mixing only model.

Weathering reactions increase tenorite stability in all three

areas by reversing the effects of recharge dilution and increasing

sodium and silica in solution thereby altering the direction of

equilibration reactions. Tenorite stability continues to increase

until bicarbonate molality increases at the high CAP end of the

mixture. Copper molality then decreases because of the influence of

that bicarbonate has on tenorite stability when carbonate species

predominate (equation 47).

Overall stability will depend on total copper in solution.

However, if solubility of copper is controlled by tenorite, the trends

in stability will be influenced by metal speciation and major solute

evolution depending on the conditions of each model. Therefore it is

possible to predict areas most favorable for copper deposition or

migration, as outside waters are introduced into the basin.

Zinc behavior is more complicated (figures 41-43). Initially

free Zn2 + is the dominant species in high Ca and in high Na waters,

while carbonate complexes dominate initially in the central basin.

Mixing with CAP water (figures 41A-43A) favors the formation of

carbonate and hydroxide complexes at the expense of free zinc in all

systems. The effect of equilibrium reactions on solution composition

(figures 41B-43B) when compared to mixing alone tends to favor free

zinc in the central basin, inhibits the formation of carbonate species



110

in the high calcium waters and inhibits carbonate and hydroxide species

in the high sodium solutions. Weathering reactions affect zinc

speciation (figures 41C-43C) in central basin water by increasing the

formation of hydroxide complexes. In the calcium system little change

is observed with weathering, except hydroxide complexes are favored at

the CAP mixing end. In the high Na system carbonate complexes become

dominant much earlier and hydroxides become more significant during

albite dissolution.

Zinc speciation in solution affects mineral solubility . If

hydrozincite is assumed to limit zinc in solution as CAP waters mix

with metal bearing groundwater, the following reactions control

solubility in solution.

52) Zn(OH)1.2(CO3).4 + 1.6H 4 = Zn 2 + + .411CO3 - + 1.21120

53) Zn(OH)1.2(CO3).4 + .611+ + .6HCO3 - = ZnCO3 + 1.21120

54) Zn(OH)1.2(CO3).4 + .614+ = Zn0H+ + .4HCO3 - + .2H20

As for copper, the percentage of each species type and the activities

of the major solute are known at each step in the model and so the

relative influence of speciation on total solubility can be calculated.

For example in central basin area groundwater free zinc makes

up approximately 30% of zinc species and zinc-carbonates make up the

remaining 70% and equation 56 applies:

55) Hydrozincite + .911+ + .3HCO3 - = ZnTotal + 1.2H20.

However if as in the high calcium area free zinc makes up approximately

80% and carbonate 20% of zinc species the following equation applies:
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56) Hydrozincite + 1.4H 4. = ZnTotal + .2HC01 + 1.2H20,

in this case the effect of bicarbonate concentration variation is the

opposite of that in the central basin system and pH exerts a stronger

influence on tenorite stability. The potential effects of CAP mixing

on total zinc expected to remain in solution is illustrated in figures

44B-46B as the change in total zinc molality versus fraction of mixing

for each model scenario.

Mixing with CAP water slightly increases the molality of zinc

in solution in the central basin and high sodium water, but it

decreases zinc in solution in the high calcium system. In the high

calcium system compared to the high sodium or central basin, free zinc

is present in much higher percentages initially and so the increase in

pH that accompanies mixing affects zinc molality more strongly than the

other two systems (compare equations 55 and 56). If equilibration

reactions also proceed zinc molality increases with respect to mixing

only in the high calcium and central basin areas but decreases in the

high sodium area. This occurs because pH decreases in the

equilibrium/mixing model for high sodium groundwater because of the

decreased influence of silicate reactions in this area.

Weathering decreases zinc molality in all three areas as long

as dilution of sodium and silica by recharge is overcome by the

addition of sodium and silica by albite dissolution. Until recharge

water swamps the system reaction 41 goes to the left, II+ is consumed

and hydrozincite stability increases.
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Conclusions 

Predictions of the variation in groundwater quality that would

result from the recharge of CAP water into a desert aquifer should

consider the fact that the recharge solutions are not in a state of

equilibrium with alluvial mineralogy. Groundwater systems seem to be

strongly controlled by mineral reactions that maintain solution

composition in a state of equilibrium with alluvial clays and

carbonates. Proposed mixing between solutions equilibrated with basin

alluvial mineralogies and solutions from an outside source require that

the groundwater system respond to recharge by reaction to return

conditions to a state of equilibrium. These reactions must be

considered in any attempt to predict solution composition that will

result from the mixture.

Reactions that return the system to equilibrium produce

kaolinite at the expense of Na-beidellite and result in a final

composition that has higher pH and sodium and silica molality than that

calculated from simple mixing alone. Calcite is also expected to

precipitate from the supersaturated CAP solutions to establish

equilibrium. These reactions would affect any cation exchange of Ca for

Na on clay minerals that might also occur during recharge. If natural

groundwater evolution also proceeds over time, the influence of

weathering reactions must also be evaluated and the potential effects

these reactions have for reversing the effects of recharge on the

direction of the kaolinite-Na-beidellite equilibrium reaction.

Copper and zinc speciation and therefore behavior is also

affected by the mixing process. If tenorite controls copper
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concentration in solution the model suggests that copper would decrease

in molality during recharge in all three basin areas. If hydrozincite

controls zinc concentration in solution the model suggests that zinc

molality can increase in groundwater during recharge in the central

basin and ridge areas but decreases over the ore deposit if mixing and

equilibration reactions control concentration. If weathering reactions

are also significant in this system, a decrease in zinc molality is

expected.

Recharge can alter the chemistry of water in desert aquifers,

and a simple mixing model is probably not sufficient to predict the

magnitude of the change. The natural response of the rock/water system

to recharge must be considered in determining the effects of recharge

on groundwater quality. Water composition as calculated by the

geochemical model that includes reequilibration reactions and

weathering reactions, is measurably different than water composition

calculated by the mixing only model. The differences in composition

between scenarios depend on the rates of various processes that occur

in the system but are predictable by geochemical modeling techniques.
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