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ABSTRACT

Dissolution kinetics and ion-release rates were measured for a halogenated,
trioctahedral biotite isolated from stream alluvium down-gradient from an acidic metal-
enriched plume in Pinal Creek Basin, Arizona. Experiments were performed using flow-
through columns in which unground 150-250 pm biotite and bulk alluvial sediment from
Pinal Creek basin were reacted with a solution of dilute sulfuric acid (pH 3.4 and 2.9) for
five months under flowing argon gas at 25°C. The dissolution rate of the halogenated
biotite was 2.16 x 10> mol m?s™ at pH 3. After 1400 hours, mineral dissolution was
constant and congruent. The order of the biotite dissolution reaction with respect to
hydrogen ion activity () was 0.52 for output pH values between 3.1 and 3.5. Dissolution
rates for this study were slightly slower than rates previously measured for biotite and
phlogopite in the same pH ranges, possibly due to sample composition, preparation
and/or reactor design. This study is one of the few where Cl release rates were measured
and averaged 0.08 picomol m?s™.

Inverse geochemical modeling of ground-water evolution between wells in Pinal
Creek basin by Glynn and Brown (1996) suggested that an additional chloride source was
necessary in some model simulations to achieve chloride mass balance. A model
calculation of Cl input from biotite dissolution along the flow path modeled by Glynn and
Brown (1996) using the biotite dissolution rate and the rate of Cl released determined in
this study determined that CI contribution from the dissolution of halogenated biotite can

be as much as 10 mg/L.
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INTRODUCTICN

Pinal Creek basin is located in east central Arizona (Figure 1), about 100 km east
of the Phoenix metropolitan area. Ground-water contamination of the surficial aquifer in
the basin is due to acid-mine drainage resulting from more than a century of copper
mining of granite porphyry deposits in the basin. The basin spans 516 square kilometers,
of which the surficial aquifer occupies 170 square kilometers (Figure 2). Acidic, metal-
enriched drainage in the basin is due to (1) the oxidation of pyrite and other sulfide-rich
minerals in mine tailings, which cover approximately 27 square kilometers of the basin,
and (2) leakage of acidic wastewater from Webster Lake, an unconfined surface-water
impoundment that existed from 1940 until it was drained in 1988 by the U.S.
Environmental Protection Agency (USEPA; Brown, and Eychaner, 1996). Just prior to
being drained, the pH of Webster Lake was 2.7 with concentrations of dissolved iron (Fe)
and sulfate (SO4), respectively, in excess of 6,000 and 20,000 milligrams per liter (mg/l;
Glynn and Brown, 1996). At its maximutn size, Webster Lake held 7 million cubic
meters of wastewater generated from the processing of ore. The slow seepage of acidic
drainage and mine waste into the regional aquifer gave rise to an acidic, metal-enriched-
ground-water plume over {5 km long, which migrated southeast under Webster Gulch
and then northward under Miami Wash and Pinal Creek. The plume flows primarily
through the unconselidated alluvial aquifer, but also extends inlo the upper portion of the
underlying, and less permeable, consolidated basin fill. The acidic part of the plume (pH
3 to 4) contains high concentrations of dissolved ions. For example, contaminated ground
water from the alluvial aquifer had 1,100 mg/L of dissolved iron and 7,000 mg/L. of

dissolved sulfate in 1988 {Brown, 1990).
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Background Information

The geochemical evolution of contaminated ground water in Pinal Creek is
complex; as ground water moves through the alluvial aquifer and basin fil), it is (1)
diluted by mixing with uncontaminated “background” ground water, and (2) neutralized
by reaction with carbonate minerals in the aquifer. Neutralization increases the pH from a
range of 3-4 to a range of about 5-6 {Figure 3), causing metallic ions to precipitate out
and/or adsorb onto mineral surfaces in the aquifer. The aliuvivm contains less carbonate
minerals than the basin fill, which is composed of the carbonate-cemented Gila
Conglomerate, providing a greater acid-neutralizing capacity to contarninated
groundwater than the overlying alluvial aquifer. Aquifer confinement near well group
500 forces the ground water to the surface where it is discharged as perennial flow to
Pinal Creek.

Contamination of the alluvial aquifer in Pinal Creek basin was first reported in the
1930's, but surface-water contamination was not detected until the 1960°s (Envirologic
Systems, Inc., 1983 as cited by Brown and Eychaner, 1996). In 1989, the Arizona
Department of Environmental Quality (ADEQ) included Pinal Creek in its Water Quality
Revolving Fund {WQARF), a state Superfund cleanup program. Numerous government
agencies and universities have conducted rescarch at the site'; in particular, the U.S.
Geological Survey (USGS) has studied ground water and surface water from the basin
since 1984. Since that time, the USGS has maintained over 30 ground-water monitoring
wells in the basin. These well are distnibuted among ten well nest sites, shown in Figure

2, and are screened to adinit ground water at various selected depths in the

! See the Pinal Creek web site at http:/faz water nsgs gov/pinaifindex.himl
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unconsolidated alluvial aquifer and the underlying consolidated basin fill (Figure 3). The
well nests are located along Miami Wash and Pinal Creek with distance down gradient of

Webster Lake and the tailings piles (Brown and Eychaner, 1996).
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Figure 3. Cross-section of ground water pH values. A cross-section showing variation in
1988 pH values with depth in the alluvium and basin fill (figure modified from Brown
and Eychaner, 1996, with data from Brown, 1990).

Mass Balance Problems in Pinal Creek Ground Water
The U.S. Geological Survey Toxic Substances Hydrology Program boasts over 80
publications related to Pinal Creek (i.e.; Stollenwerk and Eychaner, 1987; Eychaner,

1989: Lind and Stollenwerk, 1993; Stollenwerk, 1996: Brown and Eychaner, 1996;



Glynn and Brown, 1996; and Brown and Glynn, 2003). As part of this research, Glynn
and Brown (1996) used PHREEQC (pH-Redox-Equilibrium; Parkhurst and Appelo,
1995), an inverse geochemical modeling program, to examine the evolution of
contaminated ground water from Pinal Creek basin. Inverse geochemical modeling can
be used to predict the stability of potential mineral phases in the chemical evolution of
related ground waters along a flow path. In this type of modeling, reactions calculated are
constrained by user-defined assumnptions about hydrology (i.e., flow rate, transport, and
flow paih delineation), and geochemistry {i.e., evolutionary history of the ground water,
and geochemical reactions known to occur).

Glynn and Brown (1996} ran muitiple simulations of the evolution of acidic
ground water between well 402 (pH 4.13) and well 503 (pH 5.59; see Figure 3 for flow
path location). Decreases in the concentrations of conservative ions, such as chloride (Cl)
and sodium (Na), indicate diiution of ground water along the flow path. Dilution occurs
as uncontaminated ground water from the basin fiil mixes with acidic ground water in the
alluvium. To simulate this dilution, Glynn and Brown (1996) used a mixing fraction of
ground water from well 503, an uncontaminated ground water in the basin fill.
Simulations were run using various geochemical constraints, as well as different mixing
fractions of background diluting water. Mixing fractions of back-ground water used
ranged from 0.216 to 0.347, and were calculated based on Cl, Na and SO4 concentrations.

When Cl ion was used to determine the mixing fractions, a Na ion sink was
required by the model to accommodate inputs from the dissolution of silicate minerais.
Aquifer ion exchange could be a potential Na sink, since mineral dissolution in acidic

ground-water regions is known to increase the cation exchange capacity of aquifer



material. However, the coarseness of Pinal Creek sediment, and its relatively small
amount of clay suggest that this sink is limited and unable to accommodate the amount of
Na required by the medel. Therefore, Glynn and Brown (1996) concluded that there

might be an additional source of Cl in the basin.

Ground Water Mixing Fractions

The concentration of Cl in ground water decreases from 140 to 112 mg/L between
wells 402 and 503 (Table 1). If ground water from 402 is diluted by background water
with a C] concentration of 9.7, then the mixing fraction of background water (f54)
necessary to produce a Cl concentration of 112 at well 503 can be calculated vsing the

equation:

f — Cm - Csos 1))
504 )
Csm - sz

where,
Sfsos 1s the fraction of background water from well 504,
Cpz 18 the concentration of an ion in acidic ground water from well 402,
Csps is the concentration of an ion in neutralized ground water from well 503, and
Cjsoy ts the concentration of an ion in uncontaminated ground water from well 504.

The mixing fractions calculated from Cl concentrations are:



79% Well 402 + 21% Well 504 = 100% Well 503

To examine the possibility that Cl is not conservative in the evolution of Pinal Creek
ground water, we must identify a different conservative tracer and calculate 2 new mixing
fraction. If Na is assumed conservative, the mixing fractions calculated from Na

concentrations given in Table X are:

65% Well 402 + 35% Well 504 = 100% Well 503

Using these mixing percentages and Cl values for wells 402 and 504, well 503 should
have a Cl concentration of 94 mg/L. However, the Cl measured for well 530 was 112
mg/L, a difference of 18 mg/L. This suggests an 18 mg/L source of Cl in the basin. This

calculation assumes that these wells are on the same flowpath.

Chloride in Pinal Creek Biotite

Much of the chloride found in continental interior ground water originates from
cyclic salts, and the dissolution of Cl-bearing silicates, such as amphibole and biotite
{Kullerud, 2000). It was suggested that since some Pinal Creek sediments are
hydrothermal in origin, the dissolution of halogenated biotite in the aquifer sediments
might previde a significant chloride source (Dr. Pierre Glynn, U.S. Geological Survey,
personal communication, 1999). Scanning electron microscopy {(SEM) examination of
basin sediments (Dr. Owen Bricker, U.S. Geological Survey, personal communication,

1998) indicated that the biotite contained amounts of chloride detectable by energy



dispersive x-ray spectroscopy (EDXS); thus biotite dissolution seemed a possible Cl
source. Within this study, previous laboratory and field studies of biotite dissolution have
been reviewed (i.e., Lin and Clemency, 1981b; Vetbel, 1985; Acker and Bricker, 1992;
Swoboda-Colberg and Drever, 1993; Suarez and Wooed, 1996; Kalinowski and Schweda,
1996; Malmstrom and Banwart, 1997; Murphy ef a/., 1998; and Taylor ef af., 2000).
Although a lot of work has been done in this area, not much attention has been given to
Cl concentrations in biotite or its effect on dissolution rates. Therefore, the value of the

Cl source-term at Pinal Creek could not be assessed.

Study Objectives
This study used a flow-through column experiment to examine dissolution of
biotite isolated from uncontaminated stream alluvium in Pinal Creek basin, Arizona. The
purpoese of this study is to determine if the Cl imbalance in Pinal Creek ground water
identified by Glynn and Brown (1996} could be due to the dissolution of biotite in the
alluvial aquifer. This objective is accomplished by:
1) Determining the percent of biotite in alluvial stream sediment from Pinal
Creek basin.
2) Characterizing the biotite in the alluvium using BET surface area, x-ray
diffraction (XRD), x-ray fluorescence {XRF), and SEM techniques.
3) Reacting the biotite and alluvial sediment with a weak SOy solution in a flow-
through column for 2000 hours.
4) Examining dissolution kinetics and ion-release rates from the biotite based on

ion composition in output solutions from the flow-through columns.



5} Comparing biotite dissolution rates in this study with those of previous
dissolution studies.

6) Quantifying the amount of Cl released from the biotite, and assessing its
contribution to ground-water chemistry in Pinal Creek basin, based on the

percent of biotite in the alluvium.
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STUDY AREA

Pinal Creek Basin is situated in the Basin and Range mountain province of central
Arnizona (Figure 4), a mountainous region formed by numerous periods of volcanic
activity, uplift, erosion, deposition, and metamorphism. The study area is a region that
has been actively mined for silver and copper for over a century. The Globe-Miami
copper district lies within the study area and includes the fnspiration and Old Dominion
Copper Mines. A simplified geologic map and stratigraphic section of the area are shown
in Figure 5 and Table 1. Pinal Creek is located in a graben enclosed by the Globe Hills
black to the east and the Inspiration block to the west. Topographic highs in the area
include the Pinal Mountains (2,392 meters at Pinal Peak) to the south, the Apache Peaks
and Globe Hills (1,000 meters) to the east, and Webster Mountain (17,000 meters) to the
west. The lower basin receives 40-50 centimeters of rainfall annualiy, with precipitation

accumulations increasing with elevation in the basin (Brown and Eychaner, 1996).

Geology

The geologic history of the Globe-Miami district has been summarized by
Ransome (1903) and Peterson (1962). Among the oldest rocks in the area is the 1.71
billion years old (Ga), Early Proterozoic Pinal Schist (generaily equivalent to the Vishnu
Schist found in the Grand Canyon), which contains abundant biotite and biotite, altered to
chlorite {Peterson, 1962). The Pinal Schist underwent deformation during the Mazatzal
Orogeny (1.6 to 1.65 Ga) and subsequent igneous intrusion during the Mesozoic and
Tertiary ages. Pinal Schist outcrops in the Pinal Mountains, south and the south west of

the study area. Other Early Proterozoic formations include the Madera Diorite (1.58 to

11




1.66 Ga}, 2 granodiorite found in the Pinal Mountains; the Solitude Granite, a muscovite-
rich granite west of the Pinal Mountains; and the Ruin Granite, a coarse grained
porphyritic rock extensively exposed in the northem section of the study area.

Early Proterozoic rocks are overlain by the Apache Group, a Middle Proterozoic
sequence including the Scanlan Conglomerate, the Pioneer Formation (quartzite), the
Barnes Conglomerate, the Dripping Springs Quartzite, and the Mescal Limestone, which
range in age from 1.1 to 1.4 Ga (Peterson, 1962; Nations and Stump, 1996). The Apache
Group is overlain by basalt flows aad the Troy Quartzite, deposited between 0.9 and 1.1

Ga. Outcrops of the Apache Group occur in the Apache Peaks, east of the study area.

o Copper mining district | INPRITSYTL | | 1 a ] N

Figure 4. Physiographic map of Arizona. Map showing the study area location in the
mineral belt region of Arizona’s mountain province {modified from Peterson, 1962).

12
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Figure 5. Simplified geologic map of the study area. Geologic formations are shown in
relation to the boundary of Pinal Creek basin and its major drainage features (modified
from Nations and Stump, 1996).

The Paleozoic Era is characterized by carbonate rocks deposited in a shallow
marine environment. The Martin Formation is a sequence of Devonian limestones (408 to
360 million years ago, Ma) that lie unconformably atop Middle Proterozoic rocks.
Mississippian age Escabrosa Limestone (360 to 320 Ma) lies conformably atop the
Martin Formation, and is found west of Pinal Creek near the town of Claypool. Uplift and
erosion at the end of the Mississippian led to the disconformable deposition of the Naco
Limestone in the Pennsylvanian (320 to 286 Ma). The last marine transgression occurred

in the Late Cretaceous period, leading to erosion and nonmarine sedimentation.
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Table 1. Geologic units in Pinal Creek basin, Arizona (values from Peterson, 1962;

and Nations and Stump, 1996) [Ma, million years age}

ERA PEWOD Ma FORMATION
Qualernary Alvvium
Quaternary/ .
o Testiary s Gikn Conglomerate
. Dacile
Tertiary -
an Whiletail Conglomarate
Shuliz Granite
Ororits P
. Teniany/ .om:» orphyTy
Cenczoit! | Gretacenus Diabase
Losi Gulkch Monzanite
0 Wilow Spring Grandodiorite
Pannsylvanian 800 Naco Lanasone
Paleozoic | Mississippian - Ewcabroan Limestone
Devonian 408 Martin Formation
Late I
Pr brian Trey Quarkzite
1100
Maoscal Limestone
, Dripping Springs Cuartzile
Prowrozon Middls Apoche
Pracambrian Group | Borras Conglomerate
Pioneer Formaton
Scanlan Conglomer
1400 N ongl ate
Ruin Grards
5 Eady Diabase
recarmbrian Solitucie Granite
Mad hOH
1700 ara Dlorite
Pral Schist

Volcanic activity associated with the Laramide Orogeny (50 to 80 Ma) during the
Cretaceous and Tertiary age is responsible for the emplacement of granitic porphyry
intrusions. The Lost Gulch Guartz Monzonite, an intrusive found west of Pinat Creek,
contains eight percent biotite present in aggregates and as books, both being 2.5 to 8

millimeters in diameter (Peterson, 1962). Diabase intrusions occur east of Pinal Creek,
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where it forms the Globe Hills, and west of Pinal Creck, where it forms the Gerald Hills.
The Shultz Granite (58 to 61 Ma) is a granite porphyry exposed near Bloody Tanks
Wash. Volcanic activity associated with the emplacement of the above mentioned
intrusives caused hydrothermal alteration of the host rocks they intruded. Supergene-
enriched deposits formed from ground water percolation and subsequent dissemination of
potphyry copper (Barnes, 1997).

Eruptions continued into the Tertiary with several episodes of dacite intrusjon.
Dacite deposits occur west of Webster Lake and in the northem part of the basin. Biotite
is a major mineral present in all igneous intrusive rocks in the Pinal Creek area, but is
particularly abundant in Tertiary age dacite. Peterson (1962) describes the dacite as
having books of biotite, 0.3 to 1.5 millimeters across, altered to a reddish brown. A
sample of the dacite, collected near Old Dominion Mine, was reported by Ransome
(1903) as containing 0.03 weight percent Cl.

Pinal Creek basin deposits are composed of the Gila Conglomerate a thick, (more
than 1,200 meters near Bloody Tanks Wash; Peterson, 1962} and well-cemented deposit
of Tertiary to Quaternary age, overlain by a surficial deposit of unconsolidated
Quaternary alluvium. The Gila Conglomerate is composed of rock debris deposited along
two coalescing alluvial fans, one spreading out northeasterly from the Pinal Mountains
and spreading out westward from the Apache Peaks. The conglomerate contains boulder
to gravel size grains cemented in a carbonate matrix. The overlying unconsolidated
alluvium is a thin (up to 50 meters thick) layer of Quatemary age stream deposits
occurring along basin drainage features. Alluvial sediment, which is poorly sorted with

grain sizes ranging from gravel and sand o fine lenticular clays.
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Hydrogeology

The unconsolidated alluvium comprises an alluvial aquifer 50 meters thick, 300 to
800 meters wide, and 23 kilometers in length. Ground water flows through the aquifer at
a rate of 4.2 to 5.6 meters per day (m/d) along a gradient of 10 meters per kilometer
{m/km; Brown, 1996). The hydraulic conductivity of the aquifer is estimated to be
between 150 and 260 m/d, with an effective porosity of 30 percent. The alluvial aguifer is
underlain by a thick deposit of basin fill (the Gila Conglomerate), which creates a lower
confining boundary for alluvial aquifer ground water due to its well-cemented rock
matrix. The alluvium and basin fill form the basin’s regional aquifer system. Basin
deposits are thickest {1200 meters) in the southern part of the basin and taper to the north
where it is truncated just beyond site 700 (Brown and Eychaner, 1996).

Surface-water drainage in the basin flows north-easterly from the flanks of the
Pinal Mountains and westward from the Apache Peaks. Surface-water flow in drainage
features is primarily intermittent, with streams carrying water only during storm events.
The exception to this is a perennial reach of Pinal Creek beyond ground water well nest
500, where aquifer constriction forces ground-water flow to the surface, contributing
percnnial flow to Pinal Creek which flows north into the Salt River.

Regional ground water flow in the basin is from south-east to north-west, with
decp flow systems in the basin originating from high elevation recharge areas in the Pinal
Mountains (Criliey and Glynn, 1999). The contaminated ground-water plume flows under
Webster Gulch, and merges with regional ground water flow proceeding north-westerly

under Miami Wash and Pinal Creek.
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Ground-water Geochemistry

Ground water from Pinal Creek can be divided into four distinct types:
uncontaminated, acidified-contaminated, transitional, and neutralized-contaminated (see
Figure 3). Background water composition in the basin is a calcium-magnesium-
bicarbonate type {Glynn and Brown, 1996). Acid-contaminated ground water in the basin
is primarily confined to the unconsolidated alluvium, but has penetrated into the upper
portion of the basin fill. Besides being acidic, the contaminated ground waters are sulfidic
and enriched in metal ions including Fe, manganese (Mn), aluminum {Al), and copper
{Cu; Table 2). As the acid plume migrates down gradient, the pH is neutralized by
reaction with carbonate sediments. Contaminated ground water along Miami Wash has a
pH of 2 10 3 which increases the pH to about 5 to 6 in wells along Pinal Creek. The
sample of alluvium analyzed in 1985 contained 0.34 percent calcite (Eychaner and
Stollenwerk, 1985), while the basin fill contained about 1.5 percent calcite (Eychaner,
1989).

Major ton chemistry and pH for selected wells sampled in June 1988-90 are
shown in Table 2. The analyses given are for wells used by Glynn and Brown {1996).
Figure 6 shows a cross-section of Ci concentrations measured in ground water sampled at
various depths in the alluvium and basin fill. Elevated concentrations of Cl {i.e. 120-280
mg/L Cl) measured in the aliuvium and basin fill, compared to uncontaminated deeper

basin fill (7.6-9.4 mg/L Cl) is due to contamination from Webster Lake (350 mg/L C!).
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Table 2. Ion concentrations in Pinal Creek basin ground water for wells used in
modeling by Glynn and Brown (1996). |ft, feet; °C, degrees Celsiuvs; uS/cm,
microsiemens per centimeter; mg/L, milligrams per liter; <, less than; ~-, not
determined; NA, not applicable; data from Brown, 1990 as cited in Glynn and
Brown, 1996]

Webster Acidic Basinfill Neutralized
Lake Contaminated Background Contaminated
Constituent . ) . )

Basin fill Alluvium Basin fil) Alluviem

Well 504 Well 402 Well 504 Well 503

2/01/1988 }12/1989 1112241991 11/22/199)

W E;,Z:‘{{sﬁ"' e ST T T T T ey e

Sereen interval (1) NA 19.8-20.7 67.6-68.6 23.4-24.3
Water Temp (°C) 11.0 13 20.5 18.2
SC (uSicm) 13800 4600 393 3800
DO (mg/L) - 0.3 6.64 <01
pH field 27 413 7.05 5.59
Ca(mg/L) 510 502 446 634
Alkalinity .- - 227 66
Mg (mg/L) 730 16) 15.6 200
Na (mg/L) 240 121 19.8 86
K (mg/L) - Y 2.1 Vg
Cl{mg/L} 350 140 9.7 112
F {mg/L) - 10 0.3 Y15
SO, {mgfL) 20000 3260 142 2350
Si0; {mg/L) - 85.6 27 9i.8
Fe (mp/L) 5970 591 0.004 <@.1
Mn {(mg/L) 100 71.6 <0001 116
Al (mg/L) 850 18.4 <0.01 2.3
Cu (mg/L) 210 36 <Q.01 0.

" Values that have been estimated from concentrations in previous and later years
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Figure 6. Cross-section of ground water chloride values. A cross-section showing
variation in 1988-90 chloride values with depth in the alluvium and basin fill. Dotted line
shows the flowpath used for modeling by Glynn and Brown {1996; figure modified from
Brown and Eychaner, 1996, and data from Brown, 1990}
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BIOTITE CRYSTAL STRUCTURE AND COMPOSITION

Biotite is a trioctahedral sheet structure or phyllosilicate, having the ideal
composition K, (Mg, Fe), (41,Si, )" 0,,(OH, F,Cl), , based on a formula containing O

(OH)4 where V7 indicates octahedral sites (O, see below) and /¥ indicates tetrahedral sites
(T, see below). Magnesium (Mg) and ferrous iron (Fe?") are contained in octahedral sites
in the layer marked O in Figure 7, whereas Al and silica (Si) are contained in tetrahedral
layers, marked T. Interlayer cations, primarily potassium (K) and Na, with lesser amounts
of calcium (Ca) and lithium (Li), are between repeating tetrahedral layers. Hydroxyl
(OH), (CI) fluoride (F), bromide (Br) and other, largely monovalent anions occupy non-
bridging oxygen sites on the octahedral layer. A trioctahedral biotite is one in which the
divalent cations (Mg”* and Fe** fill all available octahedral spaces. End member varieties
of biotite include iron-rich annite, KFe;AlSi;0,4(OH),, and magnesium-rich phlogopite,

KMg;AlSi;0,4(OH),.

% g 2 < SiorAl
Oy o W 0 geyuie” . @ Mg Fe,or Al

"WV i

Figure 7. Structure of biotite (modified from Lang, 2003).
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Biotite Dissolution

Biotite dissolution releases jons into the ground water providing soil nutrients,
influencing oxidation-reduction potentials and aiding in the acid neutralization of ground
water, especially in regions of low carbonate content. As little as § weight percent of
biotite in the bulk composition of a soil can be a significant source of soil nutrients
(Jeong, 2000). Secondary clays formed from the weathering of biotite are important
contributors to soil cation exchange capacity (CEC), and include clay minerals such as
vermiculite, kaolinite, illite and montmorillonite, as well as chlorite, ferric oxides and
hydroxides (for 2 recent review, see Appelo and Postma, 1996). Biotite alteration occurs

through intermediate steps described by Feldman ef af. (1991) as:

biotite> hydrobiotite > randomly interstratified vermiculite ~> vermiculite 2>

montmorillonite/hydroxy interiayered vermiculite = kaolinite

Vemmiculite, (Mg,Fe,Al}s (Al,Si)s Oy {OH), - 4H;0, is formed within the biotite
structure. The formation of kaolinite indicates a more advanced stage of biotite
weathering (i.e., vermiculite), with gibbsite and other Fe and Al oxides forming under
more extreme weathering conditions. Determining the stage of biotite weathering, either
optically or by x-ray diffraction (XRD), is difficult due to the interstratified formation of
kaolinmte within biotite. Newman and Brown (1966) describe the steps involved in the
alteration seguence of trioctahedral biotite as:

1) Exchange of interlayer cations (K') along mineral edges with solution cations

2) Interlayer openings allow OH’ release into solution cavsing layer expansion.
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3) Expansion allows more interlayer cation exchange creating even more expansion.
4) Fe?” in the mineral is oxidized by Oz in solution and structural OH'".

5) Octahedral cations are released due to the loss of structural OH’

Chloride O¢currence in Biotite

Cl-rich biotite results from halogen substitution, where halogen elements,
primarily fluorine and chionne, substitute for the hydroxyl group (OH) within the mineral
structure. High concentrations of chloride in biotite {1 to 7 wt. % composition) have been
observed in the porphyry copper deposits of Ray, Arizona and Santa Rita, New Mexico,
as well as in other porphyritic deposits (Banks, 1976; Jacobs and Parry, 1979; Zhu and
Sverjensky, 1992; and Zhu ef o/, 1994). Halogenation is associated with hydrothermal
metal-enrichment in porphyritic deposits and areas of supergene enrichment, as described
in Barnes {1997).

In trioctahedral biotites, the orientation of the hydroxy! places the proton closer to
the interlayer cation, which weakens the interlayer bond and slightly coliapses the layers
(Munoz, 1984, Hoda and Hood, 1972). When F and Cl substitute for the hydroxyl group,
there is no proton to weaken the interlayer bond strength, making the structure more
resistant to weathering (Munoz and Swenson, 1981, Hoda and Hood, 1972). However,
the larger ionic radii of the C? ion, in comparison with OH (Table 3}, may strain the
crystal lattice, promoting dissolution. The size effect may offset the proton effect;
however, it is not known which effect dominates. Microprobe examinations of

halogenated biotite have found Cl to be in homogeneously distributed, suggesting that
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digestion of a bulk sample is more useful than a single point analysis in assessing the

chloride content of biotite (Zhu ez af., 1994).

Table 3. Ionic radii for selected anions [nm, nanometers; values from Shannon (1976)).

lon Charge Coorgdination lonic Radius

Cl -1 VI 0.181 nm
F -1 V1 0.133 nm
OH -1 V1 0.137 nm
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PREVIOUS PHYLLOSILICATE DISSOLUTION STUDIES

Biotite dissolution studies can provide insight into dissolution mechanisms, ion
release rates, ion-ion interaction, and secondary mineral formation, This section examines
metheds and results for previous laboratory and field studies of biotite and phlogopite

dissolution.

Laboratory Dissolution Studies

Biotite dissolution studies conducted in the laboratory under various controlled
conditions are useful in determining the effect of time, temperature, and pH on the
mineral dissolution rate. Previous laboratory dissolution studies of biotite and phlogopite
(Table 5) include those by Lin and Ciemency (1981b), Acker and Bricker (1992),
Swoboda-Colberg and Drever (1993), Suarez and Wood (1996), Kalinowski and
Schweda (1996}, Malmstrom and Banwart (1997), and Taylor ef @/, (2000).

Biotite samples used in previous studies come from various formations, and the
analysis varies depending on the analytical techniques employed by the investigators. The
chemical composition of Bancroft biotite from Ontarto, Canada used by Acker and
Bricker (1992; Table 4) does not include MnO;, Ti0; and F, which has accounted for
more than 5.5 wt. % of biotite from the same location analyzed in other studies (Turpault
and Trotignon, 1994). Although F can occur in biotite, the concentration of F is not
commonly analyzed. Previous biotite dissolution studies have not included Cl in their
mineral analysis, thus the effect of halogen concentrations on dissolution rate is not

known.

24



Table 4. Summary of previous laboratory studies of phyllosilicate dissolution [log

R, log dissolution rate (moles/m’s) based on a formula containing OxOH.s: um,
micrometers; FTC, flow-through column; FTF, flow-through film; FTDC, flow-through-
dialysis cell; FB, fluidized bed; phlog, phlogopite]

Author Experimental H L°g R Log Sample Sample Sample
Conditions PH Basis R Type  Origin Formula
Taylor Crushed sample 30 K -11.6  Dbiolite  Adiondacks K, g6 (Mgesz Fe* 026
etal {43-110 um) in rclease NY, USA Fe'"s 26 Alnos.)
(2660) a FTC reacled (Sts3. Alz 30, O20GH)y)
with an HC1
solution
i Adirondacks K Moo
N2 PhIog Ny BSA (AL 1 Sigze Oz0(OH))
Malmsirom  Powdered sample 3y S -10.6 biotite  Arendal, K s (Mg) ¢ F™*2 050
and (75-125 pm} in & release Norway Fer'on Al 16}
Banwar FTF reacted by (Sis 36 Al 30, O2p(OH))
(1987) HCIO, in NaClO,
Kalinowski  Ground sample 3.0 “owl -11.8  biolite  Norway (Cap.. Nagos, Kyip2)
and (10-20 pm) in a ion {Mocn}) (Mg o, Mg 10, Fe™"y 21
Schweda FTDC reacted with retease Fe¥*oaz, Aloys)} (Sissor
(1596) aH;80, Aly .20, O20(OH); 47, Fo )
or HC] solution
Ontario, Ef:o.on- :;oom Ié:g)
-11.5  phlog  Canada e T
(Burgess) € g3, Al 12) (Sig o,
Al 2y, O (OH); 4) Fo0)
Suarez Ficld sample (10- 50 Mg -139 biolite  CA, USA K. (Mg, Fey)
and Wood 100 pm) reacted release {Pachappa) {Sig 090 Alz gon Oz (OH))
(19%96) with DI H,O
Swoboda- Ground sample 40 ol -102 biolite  Lead Ky{Mgoe, Fey4)
Colberg (75-150 pm}) in ion Mountain {(Sip.00. Alz 00n O (OH)}
and Drever  a FB reacted with relcase ME, USA :
(1993} an HC) solution
Acker Broken sample 30 Mg -11.0 biotite  Ontario, (Capoy, Nag 14, Kyt
and Bricker  {149-420 pm) release Canada (Mg 1. Fc?"s 10, Fe" 505,
(1992 inaFB reacted {Bancroft) Alg 30}
with 2 H;S0, soln (Ste00 Alz00. O20(OH)y)
Lin and Ground sample 318 & -123  phlog Madagascar  {Cappy, Nap 10, K2}
Clemency (<400 um)ina release (Mnig oz Mgs 15 F¢™ 024,
(1981b} reaction cell Fe"5 14, Alo 3o Tio 02}
with D} HyO {Sis s Aly 3. O
{OH) 45, Foon)
YWeighted by ion abundance

YWeighted by mineral abundance
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The method of preparation employed in previous studies includes crushed,
ground, hand broken, or unaltered samples. Crushing or grinding of the mineral is known
to increase the surface area of the mineral, which can affect dissolution rates. A study of
sample preparation by Acker and Bricker (1992) found that the dissolution rate of a
ground sample was 2.5 times greater than a hand broken sample under similar conditions.

The types of experimental reactors employed in these studies include flow-
through dialysis cells, flow-through columns, and flow-through dialysis cells. Flow
through dialysis cells are designed to keep the mineral sample separated from dissolved
reaction products using a dialysis membrane, as in the reactor used by Kalinowski and
Schweda (1996). An internal loop circulates the sample suspended in solution. An
external loop pumps the eluent solution parallel to the sample, where a membrane
between the two loops allows for ion exchange. This type of reactor is ideal for reacting
small quantities of material (>1g), however, this generally requires the sample to be
ground or crushed. The internal circulating loop may cause sample abrasion from the
velocity of the solution necessary to keep the minerals in suspension. A flow-through
column is designed to pump a solution through a sample where the rate of pumping
controls the residence time of the solution in contact with the mineral. The length of
flow-through reactors can be short, as in the thin film flow-through cell used by
Malmstrom and Banwart (1997), or can be longer, as in the column used by Taylor et al.
(2000). A fluidized bed reactor is designed so that the mineral being reacted is
continuously kept suspended in a solution by the bubbling of gas through the reactor.
This type of reactor allows pressure control for the reaction but the bubbling of gas

causes sample agitation, potentially creating mineral surface abrasion. A comparison of



reactor types by Acker and Bricker {1992) determined that biotite reacted in a fluidized
bed dissolved 3 times faster than a sample reacted in a flow-through column under
simiar conditions. This can be attributed to sample abrasion in fluidized-bed reactors,
which can act to increase dissolution.

Dissolution rates reporied in previous studies vary widely for experiments
conducied at the same pH (Table 4). For example, at pH 3, reported rates of dissolution
vary between 107" and 1072, a six-fold difference in rates. The variations can be
attributed to differences in experimental methodology and materials, which includes
reactor type, sample preparation, and mineral composition. Lin and Clemency (1981b)
found that dissolution was incongruent and the dissolution of the octahedral sheet (based
on Mg release) was 2 times greater than dissolution of the tetrahedral sheet (based on S$i
release). Acker and Bricker (1992) also found a preferential release of octahedral cations
and detected vermiculite formation.

Table 5. Summary of previous field studies of ?hyllosilicate dissolution [um,

micrometers; log R, log dissolution rate (moles/m*s) based on a formula containing
020H,)

Author Experimental pH LogR Log Sample Sample Sample
Conditions Basis R Type  Origin Formula

Murphy FieMd study of 45 Mg  -147  bictite  Lequille K53 {Mea s Fe™ 1 00

et of. saprolite (106 pm) release Mounwains Fc",,.o, Algag. Tipg0)

(1998) altered by natural Puerto Rico  (Sicep, Alyap. O {OH))
ground water

Velbel Field siudy of 5.0« Mg -12.6  Dbiotite  Nantahala {X| 30 Nag.12)

{1985) saprolite (100 pm) 6.0  release Mountains,  {Mgs 0, Fe*'s c0, Alpaa)
glered by natural NC, USA  (Sisa0 Alsag, O (OH)}
ground waler (Coweera)

Swoboda-  Field study of 40 gi -13.6 biouic Lead Ky (Mg, Fey)

Colberg  saprolite (75-150 um) flux Mountain  {Sig, Aly, Ox{OH))

and Drever  altered by irrigation ME, USA

{1993} of an HCI soluiton

Y\Weighted by mineral abundance
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Fi¢ld Dissolution Studies

Previous field studies have examined biotite dissolution in-situ (Velbel, 1985;
Swoboda-Colberg and Drever, 1993; and Murphy ef o, 1998; Table 5). Swoboda-
Colberg and Drever (1993) compared the dissolution of biotite in a saprolite profile
irrigated with a hydrochloric (HCL) solution (pH 4.5). Their results determined laboratory
rates to be 3.4 orders of magnitude faster than field rates. Field derived weathering rates
for biotite (~100 pm) in sapprolite profiles, are on average 1 to 3 orders of magnitude
slower than laboratory derived rates, which has been attributed to the complexity of
factors and unknowns inherent in the natural environment such as surface coatings,
microbial activity, and uncertainties in hydrologic conditions, surface area, and
temperature (Velbel, 1985; Svarez and Wood, 1996). These uncertaintics are due to
difficulties in estimating field values of mineral reactive surface area and wetted surface
area, the degree of soil saturation, and connectivity of pore flow (Swoboda-Colberg and
Drever, 1993). A detailed discussion of the uncertainties in field dissolution studies is

beyond the scope of this paper, but can be found in Velbel (1993) and Schooner (1990).

Applications to This Study

Sample abrasion from reactors, as well as sample grinding, can increase the
dissolution rate of minerals in laboratory studies. These stresses on the mineral can also
promote the release of Cl from strained lattice sites. Since quantifying Cl release is the
focus of this study, experimental design and sample preparation techniques were chosen
appropriate to minimize the affect of these on Cl release in biotite. The most appropriate

reactor appeared to be a flow-through column, as fluidized-bed reactors and flow-through
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dialysis cells can cause sample abrasion. Specific design information and sample

preparation techniques used in this study are discussed in detail the following section.
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MATERIALS AND METHODS

Sampie Collection and Separation

Seventy-five kilograms of unconsolidated stream aliuvium was collected from the
land surface near well site 700 down-gradient from the acidic ground-water plume (see
Figure 2 for location). Previous column experiments by Stollenwerk and Eychaner,
(1987), Lind and Stollenwerk {1993), and Stollenwerk (1994) demonstrated that the acid-
neutralizing capacity of Pinal Creek alluvium does not vary with depth in the aqguifer.
Therefore, the surficial sample of alluvium used in this study was thought to be
representative of the bulk alluvial material. The alluvial sediment was separated into size
fractions using copper mesh ASTM (American Society for Testing and Materials) sieves
placed in a Rototap shaker for 30-40 minute intervals. The sieves were scrubbed with a
soft brush, washed with deionized water, rinsed with ethanol, and oven-dried prior to use.
The 150-250 micrometer {m) size fraction was retained and sieved three additional
times to remove any finer-grained sediment. The 150-250 um size fraction constituted 9
percent (%) of the original bulk sediment (Table 6) with optical examination showing
qguartz, feldspar and magnetite as the most abundant minerals present.

Biotite was isolated from the 150-250 pm size fraction using magnetic separation
{Rosenblum, 1958; Deer ef al., 1962} and asymmetrical vibration techniques using a Faul
Table?, Heavy liquids were not employead due to their carcinogenic properties, and the
potential for residual coating on the mineral surface interfering with dissolution. A
Frantz™ Isodynamic Magnetic Separator was used to isolate biotite from the sediment

using the maguetic susceptibility range of 0.2-0.5 amperes with a 20 degrees horizonta)

% see Vrije Univ., Dept of Earth Science website at http:/www._geo.vu.nlfaculteit/fac/ims/faul-en.html

30



tilt, and 15 degrees lateral tilt. Optical examination of this magnetic fraction showed the
minerals biotite, chlorite, hematite, and pyroxene, with small amounts of magnetite all
occurting as scparate grains. Biotite was further isolated using a Faul Table, a2 vibrating
mirrored surface with a horizontal tilt of approximately 30 degrees, provided by John
Jackson of the U.S. Geological Survey, Reston, Virginia. The vibration and tilt of the
plate separates minerals based on their shape, The platy cleavage of biotite made this
method successful in attracting the biotite, which was electrostatically attracted to the

mirrored surface while rounded minerals rolled off,

Table 6. Size fraction distribution of stream alluvium from Site 700 in Pinal Creek
basin, Arizona [pm, micrometers; >, greater than; <I, less than)

Percent of Bulk Alluvium Sieve Size Fraction (um})

0.5 <106
1.6 106-124
1.6 124-150
9.2 150-250
229 250-500
30.1 500-900
22.9 900-2000
58 2000-4700
54 >4700

¥ size fraction used in this study

Approximately 35 grams of biotite were separated from the original 75 kilograms
of alluvium collected. Optical inspection indicated that the sample was over 95 % biotite
with small amounts of contamination from quartz, magnetite, feldspar, chlorite, and

hematite. Pinal Creek biotite is reddish brown with zonation in color visible in some
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flakes. Textural distinctions, such as recrystallized edges, are not always a reliable
diagnostic tool in differentiating betwecn igneous and hydrothermal biotite (Jacobs and
Parry, 1979). Therefore, the percentage of Pinal Creek biotite that is halogenated could

not be assessed from optical examination.

Table 7. Ion concentrations and pH of the biotite sample washing solutions
measured at intervals during three consecutive washing events [ET,
elapsed time; hrs, hours; nd, not detected]

Wash Solution1l  Wash Solution 2 Wash Solution 3

T TS ——

ET (hrs) 1.0 20 30 3.5 4.5 6.0 7.0 5.0 12.0

pH 334 385 455 325 488 531 562 534 5.16
Cl{mg/L) 015 »nd nd 0.09 nd nd nd nd 0.05
Na (mg/L) 0.16 016 0.03 022 031 008 103 0.11 0.19
NH; (mg/L) 1.97 0.19 0.08 0282 016 0.04 026 0.09 0.05
K (mg/L) 2.17 062 nd 098 045 nd 1.17  0.09 nd
Mg (mg/L) 299 072 010 150 017 005 014 nd 003
Ca{mg/L} 11.47 259 025 10.7 057 025 047 0.04 0.03
F (mg/L) 139 nd nd 009 021 294 015 012 002
S04 (mg/l) 1.00 nd 0.27 nd nd 127 0.89 1.05 nd

The biotite collected was ultrasonically cleaned and washed repeatedly in a weak
¢.001M nitric acid solution to remove any sediment coatings, in particular carbonates, as
well as fine particles adhering to the mineral surface. Between washings, the acid
solution was decanted and the sample was rinsed three times with double deionized
water. The pH and ion concentrations of the wash solution were measured at intervals
during the three cleanings and are reported in Table 7. The sample was considered

cleaned after 7.5 hours of acid reaction when calcium concentrations in the wash solution
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decreased to 0.03 mg/L and the input pH no longer was increased by carbonate

dissolution {Figures 8 and 9).

14 T L3 13 T T T T
- Wash solution 1
2r Q - Wash solution 2 7
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Figure 8. Concentration of calcium in biotite wash solutions. Solutions were measured at
various time intervals during three consecutive washing events.
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Figure 9. pH of biotite wash solutions. Solutions were measured at various time
intervals during three consecutive washing events.
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Sample Characterization and Composition

A sample of the Pinal Creek biotite was ground to a powder using an agate mortar
and pestle and randomly mounted onto a frosted glass slide using Duco™ and acetone
resin. The mounted sample was analyzed using a Rigaku D/Max-B x-ray diffractometer
(XRD) and a conventional copper target x-ray tube set to 45 kilovolts (kV) and 30
milliamps (mA) at Temple University in Philadelphia, Pennsylvania with help from Dr.
George Myer and Dr. Dennis Terry. XRD patterns (Figure 10) indicated that the sample
was a 2M, trioctahedral biotite. The diffractogram revealed only biotite peaks, indicating

that the sample was predominately (>95%) biotite.

X-ray diffractogram of Pinal Creek Biotite (Z2M,)
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Figure 10. XRD pattern for randomly mounted Pinal Creek biotite (150-250 um).

SEM analysis of the mineral surface was conducted at the Georgia State
University Department of Biology3 in Atlanta, Georgia, using a LEO 1450vp SEM

(LaBg kV imaging) and a LEO 906e¢ transmission electron microscope (TEM), with help

* hup://biology.gsu.edu/research/facilities/imaging/elec_microscopy.html.
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from Dr. Robert Simmons. For a before and after acid reaction comparison of biotite see
SEM pictographs in the results section.

The specific surface area of the biotite was determined using a single point BET
{(after Brunauer et af., 1938) Quantachrome Monosorb MS-12 analyzer (analytical
uncertainty 5 %) with 75% N, and 25% He gas. The average sample surface area was

6.42 + 0.22 meters squares per gram {m’g ") based on replicate analysis (Table 8).

Table 8. Pinal Creek biotite BET surface area caleulations [m?/g, meters squared per
gram; *, plus or minus]

Analysis  Adsorption (m%/g)  Desorption (m%/g)

" 6.59 6.75
3 6.40 6.52
3 6.20 6.62
A e0s 635
Averane 631 + 024 6.54 021
g 6421022

The chemical composition of the biotite was determined by x-ray fluorescence
{XRF) analysis using a Phillips 2404 XRF vacuum spectrometer at Franklin and Matshall
College Laboratories in Lancaster, Pennsylvania, with help from Dr. Stan Mertzman and
Steve Sylvester. Analytical uncertainty in XRF analysis ranges from 1 to 5% for error
associated with sample preparation, as well as instrument error (Rousseau, 2001). The
XRF analysis for the biotite in Table $ was averaged from three split analyses and the

sediment analysis is for a single sample. A detailed description of analytical methodology
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used in the XRF analysis can be found on the Franklin and Marshall Department of Earth

and Environmental Science website’.

Table 9. Weight percent composition of stream alluvium and biotite from Pinal
Creek basin, Arizona [wt%, weight percent; --, no data; +, plus or minus)

Component wi% UBiotite YBulk Alluviem
$i0; 3588 £ 1.0 36.07
TiO; 6.45 £ 0.20 10.08
ALOs 14,72 + 0.40 6.87
Fe,03 18.91 + 0.39 32.41
MnO 0.47 £ 0.01 0.456
MgO 10.17 £ 0.35 1.621
Ca0 1.63 + 0.40 2.323
NaO 0.26 + 0.01 1.012
K20 5.65+0.14 1.488
F 0.5 -
Ci %935 =
H,O+ 51440 0.481
Total 98.59 = 2.55 1577.01

" XRF Analysis, Franklin and Marshall College, Lancaster, PA
¥ Wet Chemical Analysis, Temple University, Philadelphia, PA

Cl and F concentrations in biotite were measured by wet chemical techniques
(hydrofluoric acid mineral digestion} and ion chromatography analysis. A detailed
description of wet chemical rock analysis using hydrofluoric acid digestion can be found

on the Union College Department of Geology website’. The formulaic composition of the

* http:/fwww._fandm.edu/deparimentsiearthandenvironment/facilities/xrf
3 . http:/fwww.unton.edu/public/geodepthollocher/icp-ms/low p acid.html
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biotite, calculated using oxide weight percentages in Table 10 (See Appendix A, Table
A4 for normalization calculations), and based on an ideal biotite containing O2(OH)j, is:

(K, 0sCayyNa o) (Fe, 33Mg, 55Ti 5,Mn ) (Al ¢6Sis 56) Oy (OH, 50F ,,Cl )

Glove Box Packed Column

HDPE

Biotite  Sediment ‘ ublag
Column  Column

s

Dimensions
Length = 20,4 em
Diameter = 0.8 cm
Volume =9 cm’

Eluent Effluent out

Figure 11. Schematic drawings of the flow-through column and glove-box housing.

Experimental Design

The flow-through column reactors used in this experiment were constructed from
a 9 cubic centimeter polypropylene tubing 20.5 centimeter (cm) long and 0.8 cm in
diameter (Figure 11). Both ends of the tube were capped with polypropylene luer tips and
a 20 um polyethylene filter to prevent sample loss. A tube attached to the top delivered
flow to the column, and a luer-lock valve at the bottom controlled flow from the column.

Mineral samples loaded into the columns were weighed prior to and after the experiment
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to measure any change in sample weight due to dissolution. The columns were housed in

a glove box at 25 degrees Celsius and under low (<10 psi) flowing argon (Ar) gas.

Tubing
The use of Tygon™ or some other poly vinyl chloride {PVC) based tubing in the

experiment raised some concerns that leaching of Cl from the tubing walls, due to the
continuous feed of an acidic solution, would compromise the experimental results. For
this reason, a high-density polyethylene (HDPE) material, Kelronm, was chosen as an
alternative to PVC tubing. The HDPE tubing was compared with PVC tubing in an
experiment to quantify chloride-release, if any. A H>80, acid solution of pH 2 was
pumped through the tubing for 55 hours at a speed of 3 ml/hr. Effluent from both types of
tubing was collected at intervals and analyzed for F and Ci. Experimental results show
the PVC tubing had an inittally high release of F and C, but concentrations decreased to
below the detection limit after 47 hours (Figure 12). Release of F and Cl from the HDPE

tubing was consistently below the analytical detection limit.
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Figure 12, Comparison of fluoride and chloride release from PVC and HDPE tubing.
Values are the difference between measured input and tubing output concentrations.
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Experimental Procedure

A dilute sulfuric acid solution was used to mimic the acidic ground-water
conditions in Pinal Creck Basin, (pH 4.13 and 3260 mg/L sulfate in January 1989,
Brown, 1990). Acid solutions were prepared using trace-metal grade H2SO; in 2000ml
double de-ionized water and analyzed for pH and ion-content prior to use (Appendix
Table Al). Periodic testing of the input acidic solution showed no detectable change in
the concentration of cations, anions, or pH of the solution with storage time in the glove
box.

Column effluent solutions were collected twice a day during the first 1000 hours
of the experiment, then daily for the remainder of the experiment. Solutions were
collected and stored in pre-weighed, acid-washed Pyrex volumetric flasks. Upon
collection, the flasks were stappered, weighed, and stored until analysis; typically within
t to 5 days of collection. The temperature in the glove box, and pH of the aliquot samples
were also recorded at the time of collection (Appendix Table A2). Over the course of the
experiment, temperature in the glove box averaged 25 degrees Celsius (Figure 13). No
preservatives were added to the solutions collected; however, the low pH of most samples
precluded significant sorption or precipitation. The pH of a sample aliquot collected was
measured over time, to determine the affect of storage on solution pH (Figure 14).
Results showed that the pH of the stored sample solutions increased 0.04 pH units per
day; indicating that, ideally, ion concentrations should be analyzed within 2 days of
collection. The cation and anion concentrations in the output solutions were calculated by
subtracting the ion concentrations of the acidic solutions from column aliquot sample

analysis.
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Figure 13. Temperature deviation from 25°C in the glove box during the experiment.
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Figure 14. Change in pH of unpreserved output solutions with storage time. Analytical
uncertainty is £0.005 pB units
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Solution flow to the column was controlled using a peristaltic pump at an average
fiow rate of 3.1 milliliters per hour (ml/hr), and a solution residence time in the column of
103.5 minutes. Flow rates were determined from the volume of solution collected and the
elapsed time, with solution residence time determined based on the calculated porosity
and biotite density of 3.1 grams per cubic centimeter (g/cm’). Normal stretching of tubing
around the peristaltic pump head rollers caused tubing to degrade, therefore, tubing was
replaced monthly during the experiment. The column was repacked after 1000 hours, due
to a decrease in solution flow through the column, possibly due to secondary mineral
precipitation in the column. The column was split apart and oven dried at 60 degrees
Celsius for 24 hours. A spatula was used to gently disaggregate the individual grains and
the same sample was repacked into a fresh column. To prevent further clogging, the pH

was decreased from pH 3.4 to pH 2.9.

Analytical Methods

Sample aliquots were analyzed at Temple University for major dissolved species
and pH. Major cation (K, Na, Mg, and Ca) and anion (F, Cl, and SQOj) concentrations
were analyzed using a Dionex DX 500 ion chromatograph (3 to 5 % analytical
uncertainty). Since a sulfuric acid solution was used as the eluent, the S04 concentration
of column effluent was determined as the difference in concentration between the two
analyses. A Perkin-Elmer 3030 atomic adsorption (AA) spectrophotometer (3 to 5 %
analytical uncertainty) was used to analyze the Al and Fe content of the effluent. Silica
was analyzed using the molybdate blue method (APHA, 1992) at 410 nanometers with a

Novaspec Spectronic-20 spectrophotometer (10 % analytical uncertainty). For a

41



discussion methods and techniques used in ion chromatography, atomic absorption

spectrometry and colorimetry, sec Fishman and Fnedman (1989) or APHA (1992).

Calculations
Mineral dissolution rates used in this study were calculated based on Si release
and reported in moles based on an Ox(0OH)4 formula unit per meter squared per second

(mol m™s') according to the equation:

> =(C0“C,-)XQ
M x SA

) (2)

where

r = ion release rate (mol m? s,

Co = output solution ion concentration {mol mL™,

C; = input sofution ion concentration {mol mL™"),

0 = flow rate (mL s™'), M = sample mass {(g), and

SA4 = BET surface area (m2 g'l}.
Mineral dissolution rates used in this study were caiculated based on Si release and
reported in moles based on an O9{OH)s formula unit per meter squared per second {mol

m” s"} according to the equation:
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where
R = mineral dissolution rate (mol m2s™),
r = ion release rate (mol m?s™), and
X, = stoichiometric number per formula unit.
The dissolution rate (R) can also be used to determine the order of the dissolution

reaction with respect to the hydrogen ion (#), using the equation;

dr i H

where:
R = mineral dissolution rate {mol mZg! )
C; = concentration of element § (mol mL"),
¢ = time, & = rate constant of the element,
ay+ = the activity of the hydrogen ion, and
n = the order of the reaction.

The slope of log R, plotted as a function of pH (-log ax.), is equal to —n.
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RESULTS

Specific data from the biotite column experiments, including concentrations of

dissolved species and output pH, are given in Appendix A, Table A2. Graphical

presentation and interpretation of the data are presented in this section.

A measure of the average flow rate is a necessary component in the calculation of

the dissolution rate (Equation 3). The flow rate of acid soiution through the biotite

colurnn was measured with time and is shown in Figure 15. Some variability in the flow

rate is expected due to stretching of the tubes with time tubes around the rollers of the

peristaltic pump. However, the large amount of variability in flow during the first 1000

hours of the experiment was possibly due to clogging from the precipitation of secondary

minerals. The rate of solution flow through the column during the last 1000 hours of the

experiment averaged 3.1 ml/hour, resulting in a solution residence time of 104 minutes.

FLOWRATE {mi/hour)

S o %
. Y Wl
3.0 r 4 @ @
. o
0 500 1000 1500 2000
TIME (hours)

Figure 15. Flow rate of the acid solution through the biotite column. Values are shown

for input solutions pH 3.4 and 2.9 over 2000 hours. Analytical uncertainty is 10%.
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The concentrations of major ions released from the biotite column over a period
of 2000 hours are shown in Figures 16, 17 and 18. During the first 1000 hours of the
experiment, the input pH was 3.4. (Figure 16) To prevent column clogging, the input pH
was then decreased to 2.9 for the remainder of the experiment. The output pH of the
column was initially high {ca. pH 5.8) then stabilized near pH 3.4 after 1400 hours (813
pore volumes). The difference in input verses output pH is a measure of the rate of the
reaction. After 1400 hours, the difference in input and output pH for the column had
decreased to about 0.5 pH units, indicating that reaction rates had stabilized and that most
calcite and fine grained phased had been removed. Therefore, concentrations and rates

measured after 1400 hours are probably a result of biotite dissolution.
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Figure 16. Output pH of biotite column effluent. Values are shown for input solutions pH
3.4 and 2.9 aver 2000 hours. Analytical uncertainty is + 0.05 pH units.
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Concentrations of K and Ca reieased from the biotite were initially high, then
decreased and stabilized after 1400 hours at an average of 0.50 mg/L, 1.14 mg/L, and
0.68 mg/L, respectively (Figure 17). The higher initial pH and high concentrations of K
and Ca are attributed to the initially rapid dissolution of fine-grained mineral
contaminants, such as calcite, and ion-exchange release from the biotite, and are not
considered an artifact of sample preparation, since no grinding was used in this study.

Fe concentrations were below the analytical detection limit (0.002 mg/L) during
the first 1000 hours, and then began to increase when the input solution pH was
decreased to 2.9. Although most parameters became stable at 1400 hours, Fe-release was
high, increasing to a peak of 5.5 mg/L, then decreased and stabilized to about 3.0 mg/L at
1600 hours. The peak in Fe concentration may be due to the rapid dissolution of
colloidally bound Fe. Like Fe, Al concentrations were also very low at input pH 3.4, but
began to steadily increase after 1400 hours to about 1.7 by the end of the experiment.
Because of the high initial pH, low concentrations of iron and aluminum in the first 1300
hours indicate that these ions were being removed from solution by the precipitation of
secondary oxyhydroxide minerals. As calcite was removed from the column and the
output pH decreased, these oxyhydroxides became undersaturated, releasing Fe and Al
into solution. Afier that interval, ca. 1800 hours, concentrations of Fe and Al stabilized
and became stoichiometric (see Stoichiometry). Si concentrations were initially high then
decreased as some Si was precipitated as kaolinite (see Stoichiometry). As the kaolinite

became undersaturated, Si concentrations increased and stabilized to about 2.3.
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Figure 17 Concentration of major ions in bictite column output solutions. Values are
shown for input solutions pH 3.4 and 2.9 over 2000 hours, with an analytical uncertainty

of 5%. Values below the detection limit are plotted as zero.
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Concentrations of F, Na (Figure 17}, and Cl (Figure 18) were highly variable;
many Cl values were below the anatytical detection limit (0.01 mg/L), indicating an
inhomogeneous distribution of these elements in the biotite. Such inhomogenaities have
been observed by Munoz and Swenson {1981) in microprobe examination of
hydrothermal biotites. Chloride may be contained along particular biotite growth zones or

in inclusions in the biotite.
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Figure 18. Concentration of chloride in biotite column output solutions. Values are
shown for input solutions pH 3.4 and 2.9 over 2000 hours, with an analytical uncertainty
of 5%. Values below the analytical detection limit (0.01 mg/L) are plotted as zero.

Ion Release Rates
The average rates of ions released {#) were calculated using equation 2 for concentrations
sampled between 1400 and 2000 hours are shown in Table 10. [on release rates varied

with ion species where Cl was the slowest at 0.08 picomol m? s’ The dissolution rate of
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biotite {R) averaged for all the ions was similar to the dissolution rate calculated based on

Si release, indicating that Si is a suitable ion to choose for calcuiation dissolution rate.

Table 10. Average ion release rates, Values are averaged between 1400 and 2000 hours
[pmol m? 57!, picomoles per meters squared second]

Average ion

Average ion Average ion | ¢
Ion concentration release rate re ?ase ra e.:z .
(C in mg/L) (r in pmol mZs™") mornikzed t 3"’.‘.‘“
L Lo e (R in pmol m™s™)
K 0.54 0.16 0.14
Mg 1.13 0.519 0.22
Ca 0.83 0.26 0.108
Na 0.063 0.031 .38
Cl 0.025 0.0078 0.08
F 0.205 0.120 .54
Fe 3.69 0.755% 0.317
Si 2.80 1.119 0.216
A ter 030 0437
Average 0.277

" assumes values below the detection limit of 0.C} are 2ero

Stoichiometry

Initial dissoiution was non-stoichiometric, with the ratio of major dissolved ions
in column output solutions significantly different from ratios in the biotite. However,
after 1400 to 1700 hours, ratios for dissolved species approached those for the bulk
biotite sample composition,

{K; 05Ca3yNa ge) (Fey 1M, 55 Ti ;,Mn o) (Al 3515 38} O (OH; 50F 5,Cl o).
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Previous studies have found that phyllosilicate dissolution was initially non-
stoichiometric, with preferential extraction of inter-layer cations and also preferentia)
dissolution of the octahedral layer (e.g. Acker and Bricker, 1992, and Kalinowski and
Schweda, 1996). The molar ratios of Mg/K, Al/Si, and Si/Mg observed for this study are
discussed below.

The Mg/K molar ratio was nitiaily high probably due to the dissolution of Mg-
bearing carbonates or release of Mg in oxyhydroxides at the lower pH {(Figure 19) As the
concentration of Mg decreased the ratio of Mg/K approached the stoichiometric ratio of

2.11 after 1400 hours
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Figure 19. Mg/K molar ratios in bictite column output solutions. Ratios are plotted with
respect to the stoichiometric ratio (2.11) of Mg to K in Pinal Creek biotite for the last

1000 hours of the experiment. Analytical uncertainty is 7%.
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The Al/Si molar ratio was initially low, and did not approach stoichiometric
conditions until 1700 hours into the experiment (Figure 20). This can be attributed to the
precipitation of aluminosilicates during the initial part of the experiment at pH 3.4.

The Si/Mg molar ratio was initially much less than the stoichiometric ratio of 2.39
in the biotite {Figure 21}, probabtly due to the precipitation of kaolinite during the first
1000 hours of the experiment. pH input due the dissolution of kaclinite. A stability
diagram of Al and Si output concentrations indicates that initial reactions occurred in the
kaolinite stability field, but when the input pH was c¢hanged to 2.9, concentrations

migrated mto the solution field (Figure 22).
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Figure 20. Al/Si molar ratios in biotite column output solutions. Ratios are plotted with
respect to the stoichiometric ratio (2.36) of Al to Si in Pinal Creck biotite for the last
1000 hours of the experiment. Analytical uncertainty is 7%.
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Figure 21. Si/Mg molar ratios in biotite column output solutions. Ratios are plotted with
respect to the stoichiometric ratio {2.36) of Si to Mg in Pinal Creek biotite for the last
1000 hours of the experiment. Analytical uncertainty is 7%.
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Figure 22. Stability of kaolinite in biotite column output solutions. Mineral stability
diagram showing kaclinite stability in the column at input solution pH 3.4 and input
solution pH 2.9.
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Physical Alteration

The weight of the sample at the beginning of the experiment was 11.58 g, after
1000 hours of acid reaction at pH 3.4 it decreased to 11.52 g, and after another 1000
hours of acid reaction at pH 2.9 it decreased to 11.37 g. The amount of sample weight
loss at pH 3.4 (6 g) was lower than at pH 2.9, probably due to lower dissolution rates at a
slightly higher pH, or the loss due to dissolution was off set by an increase in weight from
the precipitation of secondary minerals .

SEM was used to examine the surface of the biotite before and the experiment to
assess physical alteration of the sample due to acid reaction. An image of the biotite
before being reacted shows that the surface of the sample was covered with numerous
etch pits resulting from previous in-situ weathering (Figure 23). The edges of the mineral

plates exhibited slight curling, typically seen in weathered phyllosilicates (Figure 24).

1 Mea
|°""_l EHT=2500kV WD= 24mm Codd = ZREX

Figure 23. SEM pictograph of unwashed Pinal Creek biotite showing natural weathering
of the basal surface prior to acid reaction. Scale bar = 10um.
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Figure 24. SEM pictograph of unwashed Pinal Creek biotite showing natural weathering
of the mineral edge prior to acid reaction. Scale bar = 2pm.

Images of the post-reaction sample surface showed that etch pits observed in the
unreacted biotite were not appreciably altered during these experiments (Figure 25). The
mineral edges, however, were highly altered by the experiment, exhibiting opaque
acicular crystals, possibly sepiolite, MgsSisO,5(OH), -6H,0, or palygorskite (a.k.a.
attapulgite, MgsSigO20(OH)s 4H,0; Figure 26; Dr. Owen Bricker, U.S. Geological
Survey, personal communication, 2004). Figure 27 shows a SEM photomicrograph of an
unidentified elongated bladed crystal, possibly hornblende, Ca, (Mg.Fe)s AlSi; AlO,2
(OH),, intermittently present throughout the SEM sample. This mineral was not observed
in pre-reaction pictographs, indicating that it may have been an inclusion liberated from
the bioite during the experiment. Iron coatings, which might have armored the biotite

surface, were not observed in post-reaction SEM examination.



Figure 25. SEM pictograph of Pinal Creek biotite after 2000 hours of acid reaction
showing basal weathering. Notice the formation of secondary clays on the basal surface.
Scale bar = 2um.

: Mica
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Figure 26. SEM pictograph of Pinal Creek biotite after 2000 hours of acid reaction
showing edge weathering. Notice the formation of secondary clays, in particular acicular
minerals, possibly attapulgite. Scale bar = 1pm.
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Figure 27. SEM pictograph of Pinal Creek biotite after 2000 hours of acid reaction.
Notice the presence of a bladed mineral, possibly hornblende, shown in the center of the
pictograph. Scale bar = lum.

Dissolution Rate

Mineral dissolution rates were calculated using equation 3 and based on Si release
after the pH had stabilized (about 1400 hours into the experiment). Si release was used as
the dissolution rate determining ion since Si was the slowest ion released, and therefore
exerted the greatest control over the dissolution rate. The dissolution rate measured in this
study was 2.16 x 10" mol m™ s based on a molar formula containing Oxo(OH). This
rate is somewhat slower than rates previous measured for ground hydroxilated biotite (i.e.
Acker & Bricker 1992) and phlogopite (i.e. Kalinowski & Schweda 1996) in the same pH
ranges (Figure 28). Differences in dissolution rates between these studies might result
from experimental design, sample preparation, and/or mineral composition. Fluidized bed

reactors that were used in some of the previous studies can produce sample abrasion and
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commutation, resulting in more rapid dissolution rates. Grinding produces disordered
surface layers which may also dissolve more rapidly, It is also possible that differences in
halogen content in the mica samples could have affected the dissolution rates; however,
Cl data are not available for biotites from previous studies.

The order of the reaction (1) with respect to hydrogen ion activity was 0.52 over
the pH range 3.1 to 3.5 {Figure 29). This value was obtained from statistical regression (y
=0.52 x - 10.93 and r* = 0.46) of Log R as a function of output solution pH. Reaction
orders (n} observed in trioctahedral micas from other studies are slightly less than the
value determined in this study, (i.e.; 0.35-0.61 by Kalinowski and Schweda, 1996, and

0.34 by Acker and Bricker, 1992).
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Figure 28. Comparison of dissolution rates from this study with results from previous
studies (Modified from Kalinowski and Schweda, 1996). Only dissolution rates for the

last 600 hours of this experiment at input pH 2.9 are plotted based on Si release.
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Figure 29, Biotite dissolution rate as a function of pH. The hydrogen ion dependence of
Pinal Creek biotite dissolution is based on the measured release of Si in column cutflow
and a formula containing O20(CH)s.

Applications of Biotite Dissolution Rate to Pinal Creek

The dissolution rate (Rs;) and C] content of Pinal Creek biotite {s) calculated in
this study can be used to estimate the concentration of Cl in basin ground water (Cc;) due
to biotite dissolution. In particular, the concentration of C] can be calculated for ground
water along the flow path modeled by Glynn and Brown (1996) according to the

equation:

Co= WxXde%xpwx X M x Sy XMWey,  (8)

a-¢)
¢

where:

Ceyis the concentration of Cl added to basin ground water from biotite dissolution
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Ryiat 18 the dissolution rate of biotite at pH 5 based on Si release and the hydrogen ion
dependence (2.8 x10"* mol m?s™),
X is the mol of Cl in a mol of biotite (0.09),
d is the distance between well group 400 and 500 (5600 m),
¥ is the flow rate of ground water (5.2 m d”', 6.02x10° m sy,
dis the density of alluvium derived from dacite in Pinal Creek, (2.28 g cm's;
Peterson, 1962),
@ is the porosity of Pinal Creek alluvium (0.3 em?),
M is the percent of biotite in Pinai Creek Shultz Granite (0.045; Peterson, 1962},
SA is the average BET surface area of the biotite (6.4 m® g), and
mwey is the molecular weight of chloride (35.5 *1 0% ug mol™).
Results of the calculation indicate that biotite dissolution could have contributed as much
as 5.7 mg/L, of C to basin ground water between wells 402 and 403. This equation makes
the assumptions that; (1) 100% of Cl in the biotite structure is released into solution, and
(2) the amount and chemical composition of biotite from this study is representative of
sediment along the flow path modeled by Glynn and Brown (1996).
The error associated with this calculation is poientially large, due to uncertainties
such as (1) analytical uncertainty in dissolution rate (Rg;,) calculated (estimated as 20-
50%), (2) uncertainty in mineral surface area (SA) which only accounts for biotite in the
100-250um fraction, and (3) uncertainty in Cl composition in biotite (X} from other size
fractions. Despite these uncertainties, computations of this sort can be a useful tool for
determining the contribution of Cl from halogenated biotite to basin ground water on a

broad scale.
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Sediment Column Experiment

A second experiment was conducted using a column packed with bulk alluvial
sediment from Pinal Creek. Results from the sediment column experiment are discussed
below and concentrations of dissolved species and pH for input and output solutions are
given in Appendix A, Table A3. A general discussion of sediment column results is
presented to give the reader an understanding of the geochemical conditions in which
Pinal Creek biotite exists and determine weather any other Cl sources exist in the
sediment.

The sediment was reacted for 2000 hours with the same acid solutions used with
the biotite column. The average flow rate of the acid solution through the column packed
with Pinal Creek alluvial sediment was 3.0 mg/L (Figure 30). Figures 31, 32 and 33 show
concentrations of ions released from the sediment column. The output pH (Figure 31)
was initially high (ca. pH 7) for the first 600 hours, before decreasing to ca. pH 3.5

during the latter part of the experiment.
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Figure 30. Flow rate of the acid solution through the sediment column, Values are shown
for input solutions pH 3.4 and 2.9 over 2000 hours. Analytical uncertainty is 10%.
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Figure 31. Output pH of the sediment column effluent. Values are shown for input
solutions pH 3.4 and 2.9 over 2000 hours. Analytical uncertainty is = 0.05 pH units.

The concentration of K was initially high then decreased and stabilized to 0.10 +
0.04 mg/L at 1200 hours into the experiment (Figure 32). The release of Ca was initially
high, about 10 mg/L, with values decreasing to about 1 mg/L after 600 hours. Mg was
initially high then decreased and stabilized at around 0.6 mg/L before increasing to about
1.6 mg/L at 1450 hours. The higher initial pH and high concentrations of K, Ca and Mg
are attributed to the rapid dissolution of fine-grained feldspar and calcite and ion-
exchange release from phyllosilicates and clay minerals.

Fe concentrations were below the analytical detection limit (0.01 mg/L) during
the first 1000 hours, because at higher pH any Fe released is precipitated in secondary
minerals. When the pH of the input solution was increased to 2.9, Fe release was
variable. Si had initial high release rate that decreased and stabilized between 300 and

600 hours to about 1.3 mg/L, but increased slightly to 2.1 mg/L at input pH 2.9.



Aluminum release was initially low, but steadily increased and stabilized at 1.32 + 0.30

mg/L when the input pH was decreased t0 2.9. Because of the higher initial pH, iron and
aluminum were precipitated, along with silica and possibly magnesivm, in formation of
secondary clay and oxyhydroxide minerals. The concentrations of F, Na, and Cl (Figure

33) were low, with many Cl values below the analytical detection limit (0.01 mg/L).

63



-y -~ o T
B =l H34
| oy i A ;SN‘L‘Q
s E g3 %, h&
2 g 8 | k ©
0w 3 4. e 99 .
2 -2 %@%=
& D v ot 2
0 500 1000 1500 2000
TIME (hours)
- 6 - s T T
& .
g - ognz.s 8
o) B 4
s 15 od . It £ s ®
o 1.0 a g =
w 4% %0 S 2. %
§ 0.5 - *} o _ & . ége * 0 o
200 o e 0 enfe—— 20 S
1] 500 1000 1500 2000 0 500 1000 1500 2000
TIME (hours) TIME (hours}
5 = 3 -
-~ - ®pH34 =
PR L £ B - g
« L o) . S o -~
® OL
E 280 s M ¥ FR° zZ '699‘% %
o i = e ©
o - &es = ‘ B T — < 0 ._.m..__..v:._... rm r— m———
1 S00 1000 1500 2000 0 S00 1000 1500 2000
TIME {hours) TIME (hours)
—_ 4, e e e e Bl - e = = — i
2 - ° o pH3.4 T ¢ o pH4
£ 3 opH29 E 0.3 ©pH29
- S .
a 2'* £02 o ° ®
& ) = » ? o
s i w0 o Skid
1 500 1006 1500 2000 0 5¢0 1000 1500 2000
TIME (hours) TME (hours)

Figure 32. Concentration of major ions in sediment column output solutions. Values are

shown for input solutions pH 3.4 and 2.9 over 2000 hours, with an analytical uncertainty
of 5%. Values below the detection limit are plotted as zero.
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CONCLUSIONS

Halogenated biotite isolated from Pinal Creek alluvium was reacted in a flow-
through column for 2000 hours. The high initial concentrations of ions observed in
column effluent can be attributed to the formation of residual fayers, dissolution of fine-
grained particulates, dissolution of rapidly-dissolving trace mineral impurities, such as
calcite, and surface reactions, such as dissolution along etch pits (Wollast and Chou,
1985; Wieland et al., 1988). The average release rate of Cl from the biotite was 0.08
picomol m™s™. The release of Cl from the sediment column was low, indicating biotite is
most likely the primary Cl-bearing mineral.

Some silica, aluminum, and iron were precipitated as gibbsite, AI(OH);3, kaolinite,
and ferric hydroxides, determined from changes in ion concentration.

SEM pictographs of the biotite after reaction showed significant edge weathering and
presence of secondary clay minerals.

The order of the reaction (n) with respect to hydrogen ion activity was 0.52, over
the pH range 3.1 to 3.5, which is consistent with data from previous studies. The rate of
Pinal Creek biotite dissolution at pH 2.9, calculated from the dissolved silica
concentration, is R = 2.16 x 10™° mol m™s"' based on a formula containing Oz0(OH)a.
This dissclution rate is slightly less than rates previous measured for ground biotite and
phlogopite in the same pH ranges. Halogenation may have affected the dissolution rate by
strengthening the biotite structure but is difficult to assess since Cl content of biotite is
not reported for previous biotite dissolution experiments.

A model caleulation of Cl inputs from biotite dissolution suggests that dissolution

of halogenated biotite from alluvium in Pinal Creek basin can provide as much as 10
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mg/L of Cl. The error associated with this calculation is potentially large, due to
analytical uncertainties in the dissolution rate calculated in this study, and model
assumptions made, such as assuming the biotite sample collected is representative of the
alluvial aquifer in whole; i.e. the percentage of biotite in the sediment and/or its degree of
halogenation does not vary spatially and/or with depth in the basin. Although the
calculation has a large degree of error associated with it, it compares reasonably well
with the imbalance of 18 mg/L Cl calculated for ground water used by Glynn and Brown
(1996), a calculation which has its own associated error. This suggests that dissolution of
Pinal Creek biotite could provide the Cl source suggested by Glynn & Brown (1996).
More importantly, this study shows that Cl may not be a conservative tracer in modeling

ground water in other porphyritic mining areas.
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Table Al. Major ions and pH of columa input acid solutions. Values befow the

analytical detection limit are reported as zero [mg/L, milligrams per liter; --,

no data)
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Table A2, Major ions measured in biotite column effluent, Values below the
analytical detection limit are reported as zero [mg/L, milligrams per liter; --,

no data}
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200 292 562 98 115 514 .04 0 .03 0 164 72 1802
21 306 539 68 145 540 07 .15 22 012 152 06 1819
22 315 581 90 152 474 .06 ¢ 02 017 - 40 1814
23 330 565 83 15 508 .03 ¢ 02 005 110 42 1812
24 355 556 94 160 4.66 .05 6 04 6 120 .72 19.03
25 379 566 97 110 514 .05 0 08 002 104 34 1904
26 388 521 84 103 Sa1 01 21 126 010 -~ 37 1864
27 406 570 97 99 509 .03 0 4 013 196 48 1897
28 430 524 94 127 504 03 21 60 020 201 35 178
29 453 498 87 116 532 .03 0 63 020 153 53 19.00
30 473 568 77 122 532 0l 0 22 020 154 48 1896
31 498 560 .77 122 534 .03 0 .19 020 152 41 1855
32 522 556 108 1.8 537 06 D I8 010 148 .32 18.64
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Table A2. {continued) [mg/L, milligrams per liter; --, no data]
mg o~

2 8§ 8 8 =& 3 ¢ 3 3

. w E .ﬂ o E m & m .W_ ol
2 . ps t”\ E .mu E (= w Y “ b
E i = @ @ a B g S E
= =3 E = a ~— 3 7] E 2
z 2 E 2 T £ = M E 4 E (
y o 7 2 5 g b= = G c £ w
[= w o g ‘S - S s = 8 g z
E E £ g = = £ S 5 = 3 =
& £ & & = & & © = L= a =< &
33 549 548 109 L1.19 559 09 0 A7 010 1.96 52 1876
3 ST 590 118 102 513 19 0 03 Q02 - 32 1875
35 600 605 95 125 521 04 0 03 010 234 4& 1876
36 619 546 1.03 84 575 Q05 0 10 013 204 22 1900
37 625 412 J7 104 548 05 0 - - 216 A3 1978
38 644 612 14) 89 549 08 0 02 010 - -- 18388
39 652 533 135 108 519 1 - - D10 - - -
40 668 469 152 85 515 09 31 27 012 - - 2176
4] 677 536 100 130 359 04 A7 32 021 220 A3 2032
42 657 5355 1.06 140 539 07 0 22 010 1.56 33 1857
43 723 494 1.03 142 533 08 - - Q10 3.88 4] -
4 741 6.19 96 154 564 03 D6 005 038 201 58 18.84
45 760 533 96 169 575 03 0 .140 004 1.97 38 2279
46 784 495 98 159 5.87 02 0 310 012 .80 S0 2044
47 800 5.5 91 150 3553 03 0 460 015 225 102 2257
48 807 4359 143 138 552 .14 ¢ 990 012 - 108 2296
49 824 422 111 134 523 03 ¢ 017 0019 230 025 227
5S¢ 847 566 101 150 502 .04 0 03 001 1.83 30 2250
51 872 5.5 B7 157 509 05 0 .03 026 2.20 24 2329
52 8% 631 100 161 504 .03 ¢ .08 025 2.22 45 2209
53 918 647 102 181 460 .05 ¢ .03 021 2.34 83 2240
54 938 646 114 193 4.35] 07 0 10 081 2,12 A7 22.29%
55 968 412 38 194 211 18 23 0l 398 4.70 23 3386
56 973 381 352 - 199 .05 14 54 417 -- 22 4250
57 990 418 371 171 217 .06 .07 07 430 228 27 37189
58 997 402 362 - 295 A1 08 10 71 2.25 - 4109
59 1015 425 195 - 3.50 .03 .07 A8 653 -- 39 3695
60 1022 430 128 - 379 A3 0 A9 660 2,13 42 3552
61 1041 429 112 290 3.85 .03 .06 29 687  2.06 33 3692
62 1061 416 111 299 3.8 .03 R D7 670 208 37 3784
63 1071 419 115 - 405 .02 .06 DR 600 - 32 3833
64 1088 468 134 341 4.6 .09 .07 03 502 2.07 20 38.00
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Table A2. (continued) [mg/L, milligrams per liter; --, no data)

=

¢ =
N P
3 : &
E ¥ g ¥
Z 3 e £
s € 2 B
o @& v «
£ g o
s £ &8 3§ §
65 1098 420 1.13 440
66 1116 448 130 456
67 1202 415 109 283
68 1216 420 109 185
69 1240 410 105 153
70 1251 406 107 150
N 1266 397 93 1R
721290 372 105 1.06
73 1320 368 94 0.99
74 1357 377 74 1.15
75 1405 339 96 1.28
76 1426 343 50 139
17 1453 342 44 -
18 1479 333 40 -
7% 1503 3.29 S6 .
8C¢ 1527 323 67 1.38
81 1535 328 48 -
82 1552 304 80 1.27
83 1576 319 .85 1.19
84 1600 3.24 57 1.19
85 1629 329 HC  D.84
86 1655 3.38 58 1.12
87 1676 337 46 098
88 1706 336 48 099
89 1725 336 65 1.10
90 1746 335 66 1.02
91 1775 335 55  1.04
9 1792 336 44 096
93 1843 339 28 —
94 1889 339 27 097
95 1918 335 37 097

e
0o W
QO L th

3.03
2.63
227
249
209
1.83
i.28
.49
1.98
1.13%
90
93
1.0]
R
.85
.85
R-1
70

.58
54
A5
53
58
43
38
.30

. Calcium (as mg/L Cz)

2 &' Sodium (as mg/L Na)

e~ i~ R~ i~ R el - e - R - R R R BB - R - R - Rl =
SCESRERECRNCCTSGER-EEEES8838a R

- Chloride (as mg/L Cl)

oo =3

o o o o L o &

= I = - I )

(== = e ]

Fluaride (as mg/L F}

WD OO~ W LE~D RO OO RO W
CAERRNDNMLUO~ SN RD =D RS NN WD D

1.04
70
03
07
14
02
.03

i Iron (as mg/L Feiy)

in i
g8

1.465
2,093
1,933
1.950
1.984
2.061
2.156
2228
2269
2.695
3.663
4.892
5.451
3.467
3.166
4.700
4.420
4.580
4.290
3.570
3.670
3.770
3.350
2,789
2,380
2,130
2,860
3.820
3.500

g 3 2
[77] ‘& 7]
K g =
o @ 15
g 4 g
= £ %
s E &
&= £ »
g E =
m < &
226 23 4875
215 20 3629
- 26 2987
- 31 3039
231 .18 2620
- .19 2600
224 21 2603
232 26 2599
2.37 A9 26.29
2.61 25 2651
- 42 3785
2.77 75 3921
2.71 49 4806
3.00 74 4823
3.36 90 49.67
3.05 62 4927
3.16 83 4706
3.16 82 48.40
314 79 49.03
3.13 65 48.71
2.71 77 46.69
2.40 61 3946
2.41 95 3921
227 119 3992
248 1.5¢ 4042
236 153 39.52
241 1.41 3946
249 162 3892
- 153 3914
257 167 3913
253 158 4105
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Table A3. Major ions measured in sediment column effluent. Values below the

analytical detection limit are reported as zero [mg/L, milligrams per liter; --,

no data)
Mg ~

& - - = - a2 ~

< % ¢ 2 3 5 3 8 3 3

o P E 2 a2 B B g P9
2 s & 5§ @ ¢z E ry SR F
E Z & ¥ 2 B g 5 g = F
z e 2 7 & ¢ 4 = & £ &
& = 2 g & & = 3] & - £ »
o - ] S = 8 o = -~ s E -
E =] 3 W-B = bl = M £ = a =
a & % & £ & & & & E&E 7 = &
) 20 709 144 122 962 0.16 035 033 002 209 0.5 2066
2 28 678 145 48 7191 06 .42 06 07 213 64 1874
3 42 - - - - - 05 14 03 190 29 22.74
4 50 697 67 84 856 .07 0 14 02 167 26 2132
5 66 722 8 80 924 .11 .88 55 02 144 44 2114
6 74 68 .71 109 1049 .15 .06 93 02 152 47 1894
7 91 721 65 90 891 05 0 22 02 123 47 1815
g§ 100 714 80 102 896 .05 0 83 Ol 166 41 2549
9 115 720 .74 .13 943 05 .06 21 0 140 61 1924
10 123 720 84 16 962 05 .1 34 0 207 89 19467
11 139 725 70 128 1028 .04 0 28 02 103 .74 1888
12 160 768 58 117 978 04 .07 25 0 154 .76 1958
13 166 745 77 130 9839 09 .08 20 02 126 06 3812
14 189 744 69 141 985 06 0 22 0 146 05 1888
15 209 735 .58 99 1007 .12 0 29 01 144 02 1928
16 215 701 65 93 940 .10 .06 19 20 101 )4 2305
17 233 727 53 81 98 04 06 16 03 119 19 1900
18 240 704 54 85 1012 .14 - - 01 170 -
19 262 7.0 -~ 82 8456 .58 A4l .16 02 122 06 17.30
20 292 731 41 59 831 .19 .10 21 0 106 .13 1848
21 306 - - - - - - - - - - -
22 315 - - - - - - - - - - -
23 0330 721 51 .69 944 .07 0 17 02 108 .17 1848
24 35S 717 42 59 976 .07 0 17 01 110 .04 1864
25 3719 7.7 45 .84 1005 24 06 34 6 121 .13 1865
26 388 7.02 -~ 57 1060 70 153 380 - 181 ~ 1868
27 406 686 33 67 966 .05 05 75 01 - 53 1885
28 430 680 38 .82 971 .08 0 49 Ol 120 46 1909
29 453 686 47 .66 979 .05 08 62 O 129 .13 2010
30 473 695 43 67 972 .05 0 47 Ol 152 .15 1889
31 498 729 41 60 930 .05 .05 57 Ol 144 26 1986
32 522 130 ~ 73 71 68 236 20 Ol 088 .23 1332

V" solution tuned orange 24 hours after collection se | drop of HS was added to solution prior to analysis
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Table A3. (continued)} [mg/L, milligrams per liter; --, no data]
2 "

2 @ © Z 3 m, T 3 % &
" b= = aad D Dy & w1 g o
.M ~ “ m E .w B g ) = ) O
[ 2 & s 2 “ % E 8 E
= 3 g & sd - - A w
2 2 m 2 g < ® o E = m 2
2 g - $ m E .m = s e £ &
=1 ' ] e B~ 2 b S W 8 =
E £ £ § 2 £ £ § 5 2 £ £
@ = o & 3 o @ QO = - » < D
33 549 7.0 - 068 69 131 371 1.9t 005 039 0.09 Veu
34 571 690 - 44 701 81 102 38 04 06 25 v..
35 &0 717 - 40 631 55 0 25 03 25 05 1824
36 619 7.8 ~- 55 693 55 0 20 03 8 07 1845
37 625 717 - - - - - - - - - -
33 644 6388 90 64 833 22 0 45 06 A4 50 18381
39 652 691 72 57 7190 .11 0 31 0l - -~ 18.64
40 668 678 51 69 768 .05 06 64 02 125 28 2176
41 677 678 72 53 794 12 87 98 03 - 27 2032
42 697 700 96 61 721 .14 )0 .18 01 106 .54 1857
43 723 685 76 90 763 .4 0 21 02 170 80 -
44 74 683 59 70 754 06 04 40 03 159 23 1884
45 760 664 52 68 7.8 .09 0 40 03 101 35 2279
46 734 6.54 54 84 170 08 20 32 03 161 .12 2044
47 800 633 90 g4 753 A2 0 26 0 180 132 2257
48 807 630 49 82 762 .08 0 31 0 178 53 2248
49 824 625 64 86 731 37 3 32 0 183 51 227
50 347 613 56 77 1334 06 0 32 01 17200 19 2255
51 872 604 41 95 122 01 07 54 01 166 23 2330
52 896 593 57 81 687 089 .05 26 03 166 38 2232
33 %18 601 46 115 669 0? 0 60 02 1.65 94 2234
54 038 592 43 108 661 06 06 45 03 1.59 107 2227
55 968 345 3% 68 S17 07 .10 33 06 200 86 3876
56 973 352 8% 78 633 .16 .10 148 06 226 92 3732
57 990 367 53 %1 716 .12 .1 A8 D5 246 65 3721
S8 997 345 59 B89 784 I5 09 92 63 221 52 4223
59 1015 366 47 67 854 09 .09 A3 LD 295 169 3699
60 1022 382 57 77 708 09 .10 30 115 - 133 3704
61 1041 376 41 74 842 07 07 63 142 203 32 3680
62 1061 367 36 88 812 06 .07 60 143 238 39 3678
63 1071 345 31 91 772 08 08 63 124 225 82 4383
64 1088 367 32 101 760 .12 1] 38 140 248 81 377]

¥ sotution tumed orange 24 hours after collection so 1 drop of HS was added to the solution prier to

analysis
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Table A3. (continued) [mg/L, milligrams per liter;

--, no data)

m -

s 3 8 2 9 &8 3 ¢ 3 2
. ® & g g > ) 5 o W <
8 - E “ s ) E £ “ R B
E v LA & 2 g = E & E
z 3 e £ = & T T £ 8 g &
- e = b4} E E = g ) c o
=3 @ 4 5 3 2 S = = g E S
g £ 3 s 5 3 2 = S 2 = =
@ &’ & = o A O = 5 s = &
65 1098 363 029 104 675 007 012 035 113 267 121 37.57
66 1116 364 29 112 661 .07 .10 37 147 235 129 3667
67 1202 357 21 95 592 .06 07 35 125 246 .13 3661
68 1216 362 .4 100 428 .4 1125 47 — 143 3134
6 1240 370 .11 8 387 .08 0 .4 34 182 67 2574
70 1251 3.66 .1 81 348 09 07 a8 30 173 134 2611
71 1266 367 .10 .15 302 .15 0 I3 35 179 71 2565
72 1290 350 .2 81 31 a1 06 16 2% 190 101 2560
73 1320 349 .17 60 294  .i3 0 a9 25 198 130 2552
74 1357 350 .08 85 250 .09 0 20 164 271 135 2671
75 1405 329 .06 113 504 .09 0 8% 29 314 145 39.06
76 1426 346 .13 168 389 .09 0 48 170 281 147 3824
77 1453 330 .09 185 247 .08 0 39 355 355 122 4267
78 1479 335 .43 167 268 .07 0 .79 494 394 147 4698
79 1503 320 .01 199 297 .21 0 125 507 427 188 48389
80 1527 339 .04 202 317 .07 0 64 511 367 116 4844
81 1535 340 .05 195 319 .07 0 .30 482 420 163 4928
82 1552 307 .1l 159 243 07 0 2% 12 162 169 4785
83 1576 320 09 165 303 13 .00 .17 08 189 166 4830
84 1600 327 06 175 294 07 0 .06 32 213 142 4846
85 1625 335 20 183 28 .16 0 .5 7 278 141 4560
8 1655 341 .10 170 183 .10 0 1 55 234 179 3952
87 1676 344 05 163 172 05 0 09 203 261 130 3952
88 1706 345 06 170 198 .06 0 103 174 190 101 3957
8 1725 336 05 200 188 .06 0 283 102 200 131 3974
90 1746 333 09 190 169 .04 0 a3 08 136 118 3867
91 1775 330 .08 161 151 .07 0 a8 07 130 80 3903
92 1792 333 08 135 126 .07 06 A5 107 173 .82 3848
93 1843 336 .15 122 81 .12 0 39 357 - L18 39.96
94 1889 343 .08 146 .11 .07 0 07 387 - 86 39.92
95 1918 331 .08 136 .82 .07 0 22 8 208 105 3876
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Table A4, Normalization of Pinal Creek biotite XRF mineral analysis [wt., weight;
no., number|

Oxides Anions Cations

o

o=

L o =

-‘g b = W @ ;
s < £ s £ g o
=3 bt = @ o @ @ 5
E ® ., 2 = % :E £ gz z
: £ 3 & F 2 &£ % g p &
® . (= = (= 8 & o o = o
ol 2 b - o = = - fox - "o
o = -] 74 o = = L -] > %]
& o S 44 ! & [ & < g =4 S
T : = s §E 3 5 =z B = 3 %
2 x = = =z = =z © =z =B &£ ©
Si0, 3588 6008 0860 2 119 g 1077 1 060 20 538
Ti02 645 7990 008 2 016 9 146 1 008 20 073
ALOy 1472 102.00 0.14 3 0.43 9 390 2 029 15 260
FeO 1891 7185 026 1 026 9 237 4 026 10 237
MRO 047 7084 0.01 1 0.01 9 006 2 001 05 042
MgO 1017 4030 025 1 025 9 228 1 025 10 228
Ca0 163 5608 003 1 003 9 026 1 003 10 026
Na,0 026 6200 000 1 000 e 004 1 000 4.0 004
K20 565 9460 006 1 006 g 054 2 012 05 1.08
F 0.50 1900 0.03 1 003 o 0.4 2 005 05 047

C! 035 3545 001 1009 g 008 1 0.07 1.0 0.08

V¥ calculated as the sum moles of oxygen divided by 1he total number of oxygen in biotite (22)

8}



Table AS5. Moles of ions measured in biotite column effluent. Values below the
analytical detection limit are reported as zero [mg/L., milligrams per liter;

no data)
w -~

G = _ = —_ _ ) < ~

2 % S £ 3 5 i 8 2 g

- £ E = | o ) & e | E -
& o &b E E b - E)
.m > ] = £ £ v w = E = £
5 5 T E & 2 & &8 W o E 2
z & E 33 T & g E X} E &
= < 2 % E E =2 =B g c E ®
s g & & ) 2 s 3 s S E a
E E £ § = ¥ = 5 g =2 Z 3
@ & & = O & Q [ - 7 < A
I 20 238 102 425 032 009 0.1 0020 4040 0.12 205]
2 28 245 092 395 0.0 025 0.1 0020 2710 611 2102
3 42 253 060 414 003 005 0.02 00 2340 024 2112
4 S50 239 066 4.05 0.04 0 002 0.010 2200 027 2403
5 66 237 068 444 005 008 024 00 2040 049 2552
6 74 231 070 446 .03 o 009 60 2190 047 2124
791 192 082 469 003 0 009 0010 2310 041 2079
8 100 172 109 465 0.03 - - 00 1940 0.76 -
9 115 150 071 482 006 008 003 00 3960 071 2094
10 123 137 068 500 006 0.4 0.010 1630 054 2510
1139 L1313 533 004 007 034 00 1436 076 2088
12 160 123 117 536 0.10 0 009 00 1340 038 22.17
13 166 091 134 535 004 043 006 0010 1373 021 23.8
14 189 092 163 543 0.03 0 017 0011 1845 082 2082
15 209 1.05 124 517 0.04 0 003 0015 1586 - 2079
16 215 1.06 103 507 0.1 0 037 0027 ~ 006 24.19
17 233 1.05 164 512 008 005 003 0029 1476 033 1931
18 240 099 143 475 005 0 003 0029 1490 016 1721
19 262 082 159 460 008 0 003 0011 1545 - 1815
20 292 098 1.5 514 004 0 003 00 1640 072 1812
21 306 068 145 3540 007 015 022 0012 1517 006 1819
22 315 090 152 474 006 0 002 0017 - 040 1814
23 330 083 115 508 003 0 002 05 1100 042 812
24 355 094 160 466 0.05 0 0.04 00 1200 072 1903
25 379 097 110 5.4 0.05 0 0.08 02 1.03¢ 034 19.04
26 338 084 1.03 511 001 021 126 0010 — 037 1884
27 406 097 099 509 003 0 014 0013 1968 048 1897
28 430 094 127 504 003 021 060 0020 2010 035 1779
29 453 087 116 532 003 0 063 0020 1530 053 19.00
30 473 077 122 532 00! 0 022 0020 1540 048 1896
31 498 077 122 534 0.03 0 019 0.020 1517 041 1855
32 0522 108 118 537 0.06 0 QI8 0010 1480 032 18.64

82



Table AS. (continued) [mg/L, milligrams per liter; --, no data)

h % .,
= & Time {hours)

2R I3R0E S Sampte Nember

O O O BN Wb b b L LA Gn Wi i n e B B BB L b L& &

600
619
625
644
652
668
671
697
723
741
760
784
800
807
824
847
872
896
918
938
968
973
990
997
1315
1022
1041
1061
1071
1088

0.95
1.03
0.7?
1.41
1.35
1.52
1.00
1.06
1.03
0.96
0.96
0.98
091
1.43
1.11
1.01
0.87
1.00
1.02
i.14
3.86
3.52
37
3.62
1.95
1.28
112
[ AR
L5
1.34

5 %: Potassiem (as mg/L K}

Magnrestum {as mg/L Vig)

Vi
N v~ W
— W O

5.75
5.48
5.4%
519
315
5.91
5.39
5.33
5.64
3.75
5.87
5.53
5.52
5.23
5.02
3.09
5.04
4.60
451
2.11
1.9%
2.17
295
3.50
3.79
3.35
3.83
4.05
4.16

: Calcivm (as mg/L Ca)

: Sediem ¢as mg/1, Ne)

<o
W
—

0.17

0.06

oo ooooooa

b
— N
s U o

0.07
0.08
0.07

0.06
0.11
0.06
.07

' coooo c»? Chloride (as mg/L Cl)

! Fluoride {as mg/L F)

2|
o
D -
N O

0.010
0.013

0.010
0010
0012
0.021
¢.010
¢.010
0.028

0.012
0.015
0.012
0.019

Qi
0.02¢6
0.025
0.021
0.081
0.398
0417
¢.430
¢.571
0.653
0.660
0.687
0.670
0.600
0.502

| fron (as mg/L Fe,..)

o
v 31 Silicon (as mg/L Si0;)

2.340
2.040
2.159

2,200
1.560
3.880
2,010
1.970
1.860
2.250

2.300
1.830
2.200
2.220
2.340
2.120
4.700

2.280
2.250
2130
2.060
2.080

2070

ce e
oot Al
o0 M K

.22
¢.13

.13
0.33
041
0.58
0.38
0.50
1.02
1.08
0.25
0.300
0.24
0.45
0.93
0.47
0.23
022
0.27

0.39
0.42
0.33
0.37
0.32
0.20

i Aluminum {as mg/L Al)

Suifate {as mgsL S0y)
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Table AS. (continued) [mg/L, miiligrams per liter; --, no data]

OO D D D D 0o G0 oo oo oo Lo dl e B B B B B B e e -

AR & Sample Namber

Time (hours)

ob

Z E = i~

) Y z

=) E ol o

£ - ) S

w = =] &

= £ a @

g = — A

2 ‘@

g £ & 3§
1.3 440 396 0.05
.30 456 403 0.09
1.0 283 500 005
1.0 1.85 360 0.15
1.05 153 303 007
1.07 150 2463 0.1¢
093 133 227 0.05
1.05 106 249 0.06
094 099 20695 0.03
074 115 183 0.07
09 128 128 0.05
050 139 140 0.03
0.44 -~ 198 0.03
0.40 -~ 115 0.04
Q.56 -~ 090 @.ll
067 138 093 002
0.48 -~ .01 0.09
080 127 098 0.05
085 L.19 0.85 0.07
057 L19 085 0.1
060 084 088 on
058 112 070 0.12
046 098 064 0.13
048 0959 0.58 0.04
065 110 054 0.02
066 102 045 0.01
055 104 053 005

044 096 058 0.10
0.28 -~ 043 0.04
027 097 038 0.03
037 097 030 (.08

i
= ol

Chloride {as mg/L CI)

(=]

0.07

Fluoride (as mg/L F)

0.09
0.43
0.02
0.02
0.02
0.02
0.02
0.03
0.61
046
0.08
0.12
¢.42
.57
G.61
1.33
0.15
0.05
0.02
0.02
0.02
0.04
0.35
1.04
0.70
0.03
0.07
0.14
0.02
0.03

.=
5~ & 3 3
g @ » 9
= 5 £ 2
E = £
By - ~ -
E S E s
@ m E @
PR E &
£ & = &
0.596 2,260 0.23 48.750
0.584 2.150 020 36290
1.465 - 0.26 29870
2.093 -- 031 30.390
1933 2310 G018 26200
1.950 - 0.19 26000
1984 2240 0.21 26030
2.061 2320 0.26 25940
2.156 2370 0.19 2629
2228 2610 025 26510
2.269 - 042 37850
2695 2770 0.75 39210
3663 2710 043 43.060
4.892 3.000 0.74 48.230
5451 3.360 090 49.670
5467 3.050 0.62 49.270
5.166 3.160 0.83 47.660
4700 3.160 0.82 48.40
442G 3.140 0.79 49.03
4.58¢ 3.130 0.65 487
4290 2710 0.77 46.69
3570 2400 .61 3946
3670 2410 0.95 39.21
3770 2270 1.19 3992
3350 2480 1.50 40.42
2,780 2.360 1.53 39.52
2380 2410 1.41 3946
2130 2490 1.62 3892
2.860 - 1.53 39.14
3820 257 1.67 39.23
3.500 2530 1.58 41.05
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Table A6. Calculated values for ion molar ratios plotted in Figures 19, 20 and 21 |--,

no data]
bl gmg  Avsi SuMg SR gage v SiMg

1T 145 003 343 49 052 011 149

3 166 004 255 S0 042 0.17 1.06

3 262 001 338 s1 034 o1l 1.21

4 225 003 2588 52 039 0.21 119

5 217 025  2.60 $3 035 0.41 112

6 205 022 271 s¢ 037 0.23 0.95

7 146 020 223 85 124 0.05 2.10

§ 098 041 154 51 135 0.12 115

9 13l 039 232 60 = 0.2 -
¢ 125 034 207 61 024 017 0.61
I 06 055 110 62 023 0.19 0.60
12 065 068 099 64 024 0.10 0.3
3 o4 016 089 65 0.6 o1 0.44
14 035 046 098 66 0.8 0.10 0.41
15  0.53 - L 67 024 - -
16 064 - - 68 037 - -
17 040 023 078 69 043 0.08 131
18 043 011 090 70 044 - -
19 012 0.84 71 043 0.10 1.46
20 053 046 123 72 062 0.12 1.89
1 029 004 091 73 059 0.08 2.07
22 037 - - 74 040 0.10 1.96
13 045 040 0.83 75 047 - -
4 037 062 065 76 022 0.28 1.72
15 055 034 0.2 7 - 0.19 -
6 051 - - 78 - 0.26 -
7 06 025 172 79 . 0.28 -
8 046 018 137 80 030 0.21 191
9 047 036 1.4 81 - 0.27 -
0 039 032 1.09 82 039 027 2.15
1 039 028 108 83 044 0.26 2.28
12 057 073 109 84 030 022 2.28
3 057 028 143 85 044 0.30 2.79
34 073 - - 8 032 0.26 1.85
s 047 021 162 87 0 0.41 213
6 076 o 210 88 030 0.55 1.98
37 046 006  1.80 8 037 0.63 195
38 089 - - 9 040 0.67 2,00
3 078 - - 9 033 0.61 2.01
0 099 - - 9 028 0.68 224
4 048 006 146 94 017 0.68 229
2 04 022 096 95 024 0.65 2.26
B 045 o1 236 - . . -
a4 039 030 103 -~ . - -
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Table A7. Calculated values for log Si and pH + %AV plotted in Figure 22 phase
diagram [mg/L, milligrams per liter, --, no data]

Sample Al H+ . Sample Al H+ .
Number mgh) % I';g A LSt (melLy vilog AL®  LOESi

T 486 TA3 249 4 566 710 330

2 497 217 258 8 575 6.70 3.52

3 496 617 29 51 631 -8.29 3.55

4 416 607 2.4 2 647 -8.58 161

5 s22 686 294 3 646 823 37

6 495 646 280 s4 412 -6.49 1.96

7 54 £57 320 ss 381 587 1.85

§ 545 558 359 s6 418 -7.54 1,67

9 547 602 347 57 40 -6.58 1.83
10 555 590 359 59 43 -6.82 2.03
1 562 685 334 6 429 -6.81 2.02
12 565 634 354 61 416 .10 1.80
13 565 686 337 62 419 644 2.04
14 564 657 345 63 468 -6.57 249
16 591 812 321 64 42 -6.36 2,08
17 593 701 359 65 448 7.27 2.06
18 5.4 662 320 6 415 .6.82 1.88
8 54 662 320 67 42 .37 1.74
0 562 615 357 68 4.1 .6.01 2.10
21 539 375 28 6 406 -6.24 1.98
2 581 665 360 %0 397 622 1.90
313 565 635 353 noam 617 1.6
24 556 615 351 72 3.68 -6.08 1.6
% 566 673 342 B am .6.38 1.65
% 521 769 265 74 33 .7.54 0.79
21 51 $77 345 75 343 719 1.03
28 524 739 278 76 342 6.19 136
29 498 723 257 7 333 6.55 115
30 568 691 138 8 329 691 0.99
M 56 690 330 79 323 696 091
32 556 697 324 80 328 2.15 0.90
33 548 672 324 81 304 236 0.59
3 59 £96 358 82 319 642 1.05
5 605 206 367 8 324 597 1.25
36 5.46 689 1.6 84 329 5.68 1.40
3 am 556 287 8 324 597 1.25
a1 536 256 234 8% 329 5.68 1.40
2 555 203 321 87 336 -5.80 1.43
3 494 521 320 88 336 -6.62 115
4 619 249 370 89 335 -6.99 1.02
5 533 676 3.08 9% 335 -6.81 1.08
46 495 703 26 91 336 .5.51 1,52
& 515 681 288 92 339 -5.80 146
48 459 202 22 95 335 -5.46 153
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