
Chemical and thermal variations accompanying
formation of garnet skarns near Patagonia, Arizona

Item Type text; Thesis-Reproduction (electronic)

Authors Surles, Terri Lee, 1953-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:18:57

Link to Item http://hdl.handle.net/10150/566463

http://hdl.handle.net/10150/566463


CHEMICAL AND THERMAL VARIATIONS

ACCOMPANYING FORMATION OF GARNET 

SKARNS NEAR PATAGONIA, ARIZONA

by

Terri Lee Surles

A Thesis Submitted to the Faculty of the

DEPARTMENT OF GEOSCIENCES

In Partial Fulfillment of the Requirements 
For the Degree of

MASTER OF SCIENCE

In the Graduate College

THE UNIVERSITY OF ARIZONA

1 9  7 8



STATEMENT BY AUTHOR

This thesis has been submitted in partial fulfillment of re
quirements for an advanced degree at The University of Arizona and is 
deposited in the University Library to be made available to borrowers 
under rules of the Library.

Brief quotations from this thesis are allowable without special 
permission, provided that accurate acknowledgment of source is made. 
Requests for permission for extended quotation from or reproduction of 
this manuscript in whole or in part may be granted by the head of the 
major department or the Dean of the Graduate College when in his judg
ment the proposed use of the material is in the interests of scholar
ship. In all other instances, however, permission must be obtained 
from the author.

SIGNED:

APPROVAL BY THESIS DIRECTOR

This thesis has been approved on the date shown below:
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ABSTRACT

Intrusion of granodiorite into Permian limestones, dolomites, 

and elastics has resulted in the formation of sulfide-bearing exoskarns 

near Washington Camp, south of Patagonia, Arizona. Pervasive develop

ment of garnet, pyroxene, and quartz required addition of large amounts 

of iron and silica to clean limestones. The earliest calc-silicates to 

form were garnet and wollastonite, followed by clinopyroxene; quartz was 

deposited continuously during skarnification and sulfide mineralization. 

The later magnesium-rich silicates extensively replaced the Ca-Fe sili

cates in areas of abundant sulfide mineralization, requiring addition of 

large amounts of magnesium. Sulfides are scarce in areas of minimal 

magnesium-silicate development. Microprobe analyses show that garnets 

are predominantly andraditic, often with iron-rich cores and aluminum- 

rich rims; clinopyroxene is of diopsidic-ferrosalitic composition; and 

tremolite and talc are magnesium-rich. Fluid inclusion evidence indi

cates that garnets were deposited between 490°C and 350°C and that the 

maximum pressure during metasomatism was about 500 bars. The depositing 

solutions were boiling between 480°C and 360°C, contained 10-25 weight 

percent NaCl equivalent, and were probably near the critical point in 

the I^O-NaCl system. The only pyroxene formation temperatures which 

could be obtained were near 435°C, and quartz homogenization tempera

tures ranged from 420°C to 210°C.

vii



INTRODUCTION

The Washington Camp-Duquesne mining district lies on the eastern 

side of the Patagonia Mountains, 98 km south of Tucson, Arizona (Figure 

1), and contains pyrometasomatic, limestone replacement, and vein depos

its of copper, lead, zinc, and silver. The pyrometasomatic deposits oc

cur in selected stratigraphic units in a series of Paleozoic sediments 

and Mesozoic sedimentary and volcanic rocks in an embayment of the Pata

gonia Batholith. The batholith, of Laramide age, is elongate northwest

erly and lies along a lineament which extends from Nacozari, Sonora, 

Mexico, to Silver Bell, Arizona, approximately 320 km; six major porphyry 

copper deposits and numerous small mines occur along this lineament.

Early mapping in the area was done by Crosby (1906) and Schrader 

(1915), who also described the mineral deposits of the district. More 

recently. Baker (1961) published the first detailed geologic map of the 

area and described the Washington Camp ore bodies in his study of the 

mineralization in the southeastern Patagonia Mountains. The most defini

tive work is that of Lehman (In preparation), who describes details of 

stratigraphy, structure, ore distribution, and metamorphism to supple

ment the regional mapping and stratigraphic studies of Simons (1972).

The Patagonia Batholith was forcefully intruded, forming the 

major structure in the area; a large north-trending, north-plunging anti

cline which stretches for about 3.2 km and folds Upper Paleozoic sedi

ments (Lehman, In preparation). North-trending normal and reverse 

faults predate the batholith and contain base metal mineralization;

1
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3
whereas, east-trending normal and reverse faults with displacements up 

to 300 m postdate folding, intrusion, and mineralization. The latest 

structures, flat, east-trending normal faults, displace mineralization 

as much as 60 m. Numerous Laramide granodiorite and granite sills in

trude elastics and volcanics (Figure 2).

The purpose of this study was to quantify the generalized min- 

eralogical and paragenetic data of Lehman (In preparation) in order to 

evaluate thermal and chemical conditions which existed in the pyrometa- 

somatic environment during formation of the Washington Camp skarns. 

Electron microprobe analysis provided the details of mineral chemistry 

and zoning, and fluid inclusion studies permitted determination of for

mation temperatures, calculation of stability relations, and provided 

information on the nature of the metasomatic fluid. Field work in the 

area was limited to collection of garnet skarn samples from the southern 

portion of the district for laboratory analysis. Sample locations ap

pear on Figure 3, which is a generalized geologic map of the study area 

taken from the work of Lehman (In preparation).



Figure 2. Geologic Map of the Washington Camp-Duquesne District.
— W.C. and D. designate the Washington Camp and Duquesne - 
townsites, respectively. Figure 3 is an enlargement of 
the south central part of this map. Scale: 1 cm = 200
m. From Lehman (In preparation).
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Figure 2. Geologic Map of the Washington Camp-Duquesne District. —
W.C. and D. designate the Washington Camp and Duquesne town- 
sites, respectively. Figure 3 is an enlargement of the south 
central part of this map. Scale: 1 cm = 200 m. From
Lehman (In preparation).



Figure 3. Generalized Geologic Map of the Southernmost Portion of 
the Washington Camp-Duquesne District Showing Sample 
Locations.

Q

T
T

JTr

LEGEND 
0  ALLUVIUM

Q  PATAGONIA GRANODIORITE 

Q  DUQUESNE VOLCANICS 

■  C O N C H A  LIMESTONE

0  SCHERRER QUARTZITE
M A R B L E
MEMBER

SILTSTONE
MEMBER

p = | DOLOMITE 
B  M EM BER

l  EPITAPH ( FORMATION

#  COLINA LIMESTONE

0  QUARTZ POD

GARNET SKARN
FAULT, DASHED 
WHERE INFERRED / " N—

CONTACT, DASHED 
WHERE 
INFERRED

■  SHAFT □  MI NE  ‘ SAMPLE SITE



5

% x )

# # #
ii ^  V v

A :

>'S. NORTH
BELMON

S E

%  n *  ■■

* *  il

%

■Mir
> ,, ^  =  ^ < /\ V

I

i m r
N

v i » ; o r v ^ v
A X " 5 U ^ ^  ^ ^  u r / /  ii r \

Figure 3. Generalized Geologic Map of the Southernmost Portion of the 
Washington Camp-Duquesne District Showing Sample Locations.



PETROLOGIC UNITS

Sedimentary Rocks

Lehman (In preparation) determined the lithologic correlations 

between the metamorphosed sediments at Washington Camp in the area of 

the skarns and the unmetamorphosed Upper Paleozoic sections north of 

Mowry (located 5.3 km northwest of the settlement of Washington Camp, 

Figure 2), at Molly Gibson Hill (7.3 km northwest of Washington Camp), 

and at American Peak (0.6 km north of Molly Gibson Hill). The original 

sediments at Washington Camp consisted of Pennsylvanian and Permian 

formations including the Horquilla, Earp, Colina, Epitaph, Scherrer, and 

Concha (Figure 4). Neither the Horquilla nor the Earp Formations crop 

out in the immediate study area, so they will not be discussed further. 

The brief description of sedimentary stratigraphy given below is taken 

from Lehman's study and is augmented by examination of about 35 thin 

sections of samples from Molly Gibson Hill.

The Colina Limestone is a pure, dark gray-to-black, calcite lime

stone with a few percent quartz and, occasionally, a trace of oxidized 

iron. The Epitaph Dolomite consists of, from oldest to youngest, a 

basal dolomite member, a hornfels siltstone member, a silty marble mem

ber, and an upper cherty marble member. The limestone and dolomite 

members contain greater than 95% carbonate, by volume, with a few per

cent quartz, clay, and iron oxide. The Scherrer Quartzite is dominantly 

quartzite, siltstone, dolomitic limestone, and sandstone and can be di

vided into three members at Washington Camp: a lower quartzite and

6
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hornfels siltstone, a middle carbonate, and an upper homfels siltstone. 

The Concha Limestone is a very cherty limestone with fewer elastics 

than any of the other Paleozoic formations in southeastern Arizona.

The Colina, Epitaph, and Concha Formations are the dominant hosts 

for garnet skarns. The Colina was converted extensively to skarn in the 

area between the Empire and Duquesne shafts north of the Bonanza Fault 

Zone. Much of the Epitaph in the area of the South Belmont and Silver 

Bill Mines was altered, and the Concha near the North Belmont Shaft was 

almost completely replaced by massive garnet. The majority of samples 

studied came from these three formations in the areas discussed above 

(Figure 3).

8

Igneous Rocks

The Patagonia granodiorite is the most abundant igneous rock in 

the area of the garnet skarns, and according to Lehman (In preparation), 

the Patagonia granodiorite-sediment contact is the site of the largest 

skarn bodies in the Washington Camp-Duquesne district. Weakly developed 

skarns are also found adjacent to the undated Washington Camp granodio

rite, and contact metamorphic effects are observed in silicic pyroclas

tic units and flows of the Duquesne volcanics, cropping out in the 

eastern portion of the district adjacent to the Patagonia intrusion.

The Patagonia Batholith is variable in composition, with biotite 

quartz monzonite, biotite-augite quartz diorite, and syenodiorite phases 

reported by Simons (1974); radiometric dates for the granodiorite are 

58 m.y. (Simons, 1974), and 64 m.y. (Mauger and Damon, 1965). The domi

nant phase in the area of the skarns is a medium-grained
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biotite-hornblende granodiorite containing quartz, orthoclase, plagio- 

clase (An^g-An^g), biotite, chlorite, hornblende, magnetite, sphene, 

sericite, apatite, epidote, and pyrite (Graybeal, 1972). Narrow (3 m) 

orthoclase-plagioclase-calcite-biotite-sericite-chlorite-epidote endo- 

skarns developed between the granodiorite and the more extensive garnet- 

pyroxene exoskarns, where exoskarn occurs directly adjacent to the stock. 

Exoskarns are also localized along faults, at the contact between re

active siliceous rocks and nonreactive siliceous rocks, and in isolated 

blocks surrounded by unmetasomatized limestone.

Metamorphic Rocks

The primary exoskarn assemblage consists predominantly of grand- 

ite garnet, which constitutes up to 98%, by volume, of some samples. It 

occurs both as dense, massive, fine-grained rock and as friable masses 

of individual crystals up to 4 cm in diameter, which often show growth 

zones on broken surfaces. Clinopyroxene, with a composition in the 

diopside-hedenbergite-johanssenite solid solution, occurs in amounts up 

to 25 volume percent, but usually varies from 0-2%. Quartz may consti

tute up to 60% of the rock, and usually ranges from 5-20%, although pods 

of quartz (up to 60 m in diameter) with a few scattered garnet crystals 

do occur from place to place within the skarns. Calcite may constitute 

up to 5% of the rock, although it usually occurs in amounts less than or 

equal to 1%. Scattered wollastonite crystals, so small as to be indis

tinguishable in thin section, have been definitely identified with the 

electron microprobe. Minor vesuvianite and epidote, representing an
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intermediate stage of alteration, have been reported (Lehman, In prepa

ration) , although neither was found in the immediate study area. Hema

tite, magnetite, and their alteration products make up 1-3% of most 

samples.

The latest stage of silication, a magnesium-rich assemblage, 

commonly occurs in trace amounts, but may constitute up to 5% of some 

samples. Manganese-rich calcite, talc, chlorite, tremolite-actinolite, 

phlogopite, apatite, and quartz are the most common minerals with quartz, 

calcite, talc, and chlorite being the most abundant. Phlogopite occurs 

only in samples from skarns nearest the granodiorite, as does the apa

tite, of uncertain paragenetic position, which occurs in trace amounts 

up to 5%.

Description of 
Metamorphic Minerals

Petrographic work was done to determine stable mineral assem

blages, mineral paragenesis, and relative mass abundances of minerals. 

Electron microprobe analyses were done to determine precise mineral 

compositions and mineral zoning patterns. Details of the microprobe 

studies, as well as complete mineral analyses, occur in Appendix A.

Garnet. In thin section, garnets range from a few microns to a 

few centimeters in diameter with the majority falling in the range of 

1 mm to 1 cm. The garnets vary from nearly colorless to pale greenish- 

gray to yellowish-green, but most are pale greenish-gray; the yellowish- 

green color is associated with nearly isotropic garnet. Varying degrees
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of anisotropy have been observed, with a maximum birefringence of first- 

order white; alternating bands of varying anisotropy are common. Many 

large crystals have isotropic cores with only a narrow anisotropic rim, 

while smaller crystals clustering together between the larger isotropic 

crystals are extensively anisotropic. Most samples of garnet, especial

ly those with the smallest crystals, are massive with mutually inter

fering faces, and euhedral crystal faces are only seen lining fractures 

or open spaces. Many show extensive and complex sector zoning and 

twinning.

Quartz is the most abundant mineral included in garnet, although 

calcite, pyroxene, and wollastonite inclusions have also been observed. 

Alteration is often concentrated in certain growth zones of the garnets, 

which can be either isotropic or anisotropic, often taking the shape of 

thin "dodecahedral” shells. The cores of garnet crystals frequently 

show heavier alteration than the rims and are commonly more complexly 

twinned. Numerous small fractures, lined with clay and iron-oxide al

teration, commonly cut garnet crystals.

The average composition of the garnet skarns, as a whole, falls 

near the iron-rich end of the grandite solid solution. Unzoned garnets 

have an average composition which is always more iron-rich than andra- 

ditegg and is usually more iron-rich than andradite^Q (Figure 5). In 

zoned crystals the maximum range in garnet composition is 73 mole per

cent, from andradite^QQ to andradite^y. Whenever this range is greater 

than 20 mole percent, the cores of the crystals are more iron-rich than 

the rims. In crystals showing this wide compositional range the bright
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yellowish-green color is associated with nearly pure andradite. An 

overgrowth zone on one early garnet crystal yielded a composition of 

andraditegg.

A few crystals show less than a 20 mole percent andradite compo

sitional range with a reversed zoning pattern of iron-rich rims and iron- 

poor cores, but many show oscillatory zoning between iron-rich and 

aluminum-rich bands. Slightly more aluminous bands tend to be associ

ated with the more anisotropic zones of crystals showing this oscilla

tory pattern. The crystals showing a general trend from iron-rich cores 

to aluminum-rich rims occasionally showed intermediate reversals, where 

the gradual decrease in iron content was interrupted by a sudden sharp 

increase in iron. The crystals showing completely reversed zoning pat

terns from iron-poor cores to iron-rich rims could have formed during 

these stages of sharply increased iron content in the garnets.

Garnets usually contain from 0.25 to 1.25 weight percent MnO, 

but one sample analyzed had average values between 1.0 and 2.25 weight 

percent with a high value of 3.25 weight percent. FeO could only be 

determined by difference; that is when the stoichiometric iron content 

of the octahedral site, which contains trivalent iron and aluminum, was 

greater than its normal value of 2, the excess iron was assumed to oc

cupy the first site, which contains divalent iron, calcite, and manga

nese. More than 2 mole percent divalent iron was not observed, and 

contents were usually much less than this value. (h^Og, TiOg, Na^O, 

and K^O occur in negligible amounts, and like MnO and FeO, show no dis-
I
cernible zoning.

13
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Clinopyroxene. Scattered clinopyroxene occurs in 75% of the 

samples collected, seldom occurring as inclusions in the innermost zone 

of garnet crystals, but often found in the peripheral zones and in the 

rims. In some samples, small crystals occur abundantly in quartz masses 

interstitial to garnet. The clinopyroxenes vary from 12-600 microns in 

size, and most fall in the range of 35-125 microns. They are equant to 

somewhat elongate, colorless to slightly greenish, and are often heavily 

altered to a mixture of manganese-rich calcite, talc, iron-oxide, and 

quartz, although occasional fresh grains were found.

Figure 6 is a triangular diagram showing the variation of pyrox

ene composition within the diopside-hedenbergite-johannsenite solid so

lution. ̂  This diagram shows that two distinct types of pyroxene are 

present. Manganese-rich pyroxenes containing greater than 5 weight per

cent MnO are of salite-ferrosalite composition and manganese-poor pyrox

enes having less than 3 weight percent MnO are of diopside-salite 

composition. These two types of pyroxenes were never found together in 

the same thin section. Although iron, magnesium, and manganese contents 

of some pyroxenes varied by 10 mole percent, no consistent zonation pat

tern was observed in six pyroxenes traversed for zoning of manganese, 

magnesium, and iron.

Accessory Minerals. The other primary skarn minerals include 

wollastonite, iron-oxide, quartz, and possibly apatite. Wollastonite

1. See Appendix A for a description of the calculation of the 
mole fraction of these end members.
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was not definitely identified in thin section because of its extremely 

small crystal size (10 microns), but was discovered during microprobe 

analysis. It is stoichiometric wollastonite with as much as 4 weight 

percent MnO + FeO, and occurs as inclusions in garnet. The iron-oxide 

is mostly magnetite and limonite. Magnetite occasionally occurs as 

splintery radiating plates, indicating pseudomorphism after specular 

hematite, which indicates that hematite was present originally. Apa

tite was found in three of the samples examined. In two of these it 

occurs in trace amounts as tiny euhedral six-sided crystals, and in the 

third it forms anhedral masses interstitial to quartz and garnet making 

up 2% of the sample.

Quartz, which usually comprises 5 to 20 volume percent of a 

given sample, occurs as anhedral masses interstitial to garnet, as in

clusions in other minerals, especially garnet, and as vein fillings. 

Masses of pure quartz bordered by large, euhedral garnet crystals, oc

cur throughout the skarn both on thin section scale and in huge masses 

with diameters up to 60 m.

Late-stage Alteration Minerals. Second-stage quartz, calcite, 

talc, tremolite-actinolite, and chlorite make up a maximum of 5 volume 

percent of some skarn samples while occurring only in trace amounts in 

others. These minerals occur both as alterations of pyroxene and gar

net, and as independent minerals. A fibrous, highly birefringent mix

ture of talc (X^g= 0.75), manganoan calcite (MnO = 12 weight percent, 

MgO = 2 weight percent), and quartz is the most common alteration
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assemblage, occurring most abundantly as an alteration of clinopyroxene. 

Tremolite-actinolite (X^ = 0.6) occurs as tiny scattered needles in 

garnet and quartz and sometimes forms a hexagonal band of needles within 

a garnet crystal. The amphibole also occurs as irregular borders of 

needles around areas of extensive alteration of pyroxene and garnet. 

Chlorite, in amounts up to 1%, occurs as green, anhedral masses inter

stitial to garnet. Phlogopite (Mg/Fe = 1.55) occurs in amounts up to 

1% as fibrous, pleochroic, yellow to green to brown, low-relief masses 

between grains of garnet and quartz.



FLUID INCLUSION DATA

Fluid inclusion studies were done to determine homogenization 

temperatures, salinities, and carbon dioxide content of inclusion fluids 

(Appendix B). Fluid inclusions in garnets were found predominantly in 

large ( 2 cm), bright green, euhedral crystals; massive, fine-grained 

garnet samples had few visible inclusions. Primary inclusions studied 

ranged from 10 microns to about 80 microns in diameter and contained two 

phases, a liquid and a vapor bubble. No daughter minerals were observed 

and no evidence of a separate CO2  phase was exhibited, based on cooling 

to enhance separation of I^O and CO2 . The limit of optical detection 

of a CO2  phase is on the order of 3 mole percent (Nash, 1976) to 10 mole 

percent (Kerrick, 1977), suggesting relatively low concentrations of 

CO2  in the HgO-rich inclusion fluids. Inclusions observed in quartz 

were between 10 and 50 microns in size and were two-phase inclusions, 

liquid and vapor, which homogenized to a liquid. The few pyroxene tem

peratures which could be obtained came from very small (10-25 microns) 

two-phase inclusions, liquid and vapor, which homogenized to the liquid 

phase.

Figure 7 shows the distribution of fluid inclusion homogeniza

tion temperatures for garnet, pyroxene, and quartz, uncorrected for 

pressure. The histogram shows that inclusions in garnets homogenized 

between 350°C and 490°C, while those in quartz ranged between 210°C and 

420°C. The pyroxene inclusions homogenized around 380oC.

18
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Figure 8 shows the detailed distribution of fluid inclusion ho

mogenization temperatures in garnet. With the possible exception of 

inclusions in an overgrowth zone of pure andradite on an early garnet 

crystal, all fluid inclusions in garnet indicate trapping in a boiling 

system, evidenced by the presence of both liquid- and vapor-rich inclu

sions in the same crystal. The only condition under which this can oc

cur is in a boiling solution, and because the solutions were trapped 

along the two-phase curve no pressure correction to the homogenization 

temperatures is required. The two groups of inclusions labelled "L +

V -+■ L" are two-phase inclusions with a liquid and a vapor bubble, which 

homogenized in the liquid phase; inclusions of this type found in the 

overgrowth zone are so identified. The other two groups of inclusions 

in Figure 8 are two-phase inclusions (liquid and vapor) which homoge

nized to either liquid or vapor. Their homogenization behavior showed 
evidence for trapping of a solution near the critical point in the H^O- 

NaCl system, where supercritical behavior begins. The evidence for a 

supercritical solution is the fading of the meniscus between the liquid 

and the vapor bubble rather than a simple expansion or contraction of 

that meniscus.

Garnet homogenization temperatures range from 350-490°C, with 

the cores yielding higher temperatures than the rims. The inclusions 

found in the overgrowth zone of nearly pure andradite permit a tempera

ture of 360-390°C to be assigned to this late stage of iron-rich garnet 

deposition. The pyroxene temperatures obtained fall within the range 

of the garnet temperatures, indicating that during some period in the
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history of the system pyroxenes were deposited contemporaneously with 

garnet. Petrographic evidence suggests that pyroxenes did not appear in 

the earliest stages of garnet formation, because they seldom occur as 

inclusions in the innermost zone of the garnet crystals, but are often 

found in the peripheral zones and rims. They also often occur abundantly 

in the quartz masses interstitial to garnet crystals. The inclusions 

found in pyroxenes yielded temperatures in the same range as those in

clusions found in the overgrowth zone of the garnet crystal, and like 

those inclusions, showed no evidence for boiling, suggesting that some 

of the pyroxenes at Washington Camp were associated with the latest 

stages of garnet deposition. The lack of quartz homogenization tempera

tures above 420°C is misleading because petrographic evidence indicates 

that quartz and garnet formed contemporaneously from the beginning of 

deposition. However, in the early quartz grains which appear syngenetic 

with garnet, no fluid inclusions were found. The group of quartz inclu

sions which homogenized from 210-270°C are mostly secondary, having 

formed along fractures in the quartz, but some are very late primary in

clusions found on the outer rims of vug-filling quartz crystals. These 

inclusions are all later than the major stage of skam formation.

The solutions in the primary fluid inclusions in garnet would 

not freeze, even when supercooled to a temperature of -120°C, which pre

cluded the use of the freezing point lowering method; that can be re

lated to dissolved salt content. Instead, the inclusions homogenizing 

along the boiling curve were used to estimate the minimum salt content 

of the trapped solution. From the data of Sourirajan and Kennedy (1962)
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for the system Ho0-NaCl, an increase in the critical temperature to 

480°C requires approximately 10 weight percent NaCl, which is equivalent 

to a 2 molal salt solution (Figure 9). The liquid-vapor curve must have 

been extended to at least this point for boiling to have occurred over 

the observed temperature range of 350-480°C.

Trapping of a boiling solution also permits determination of 

the pressure. The highest homogenization temperature observed in garnet 

was 490°C, which corresponds to a maximum pressure of 520 bars, along 

the boiling curve. This suggests that the maximum pressure under which 

garnets crystallized was approximately 500 bars. If the pressure de

termined from fluid inclusion evidence (500 bars) is assumed to be hy

drostatic pressure, then a column of water 5 km high is required to 

produce the observed pressure (p = 1.00 gms/cc) and 5 km of overburden 

is indicated. If the determined pressure is assumed to be lithostatic 

pressure, then 1.8 km of overburden is required (p = 2.85 gms/cc). The 

pressure of 500 bars indicates that the temperature correction for a 10 

weight percent NaCl solution homogenizing at 380°C is about 45°C. 

Therefore, the fluid inclusion homogenization temperatures of the later 

post-boiling solutions, from which pyroxene and quartz were deposited, 

are corrected upward by this amount. This yields a pyroxene formation 

temperature of about 425°C. In the gas-rich inclusions, as well as in 

all of the primary garnet inclusions observed, the volume percent of 

the vapor phase was approximately 60% or less. This indicates that the 

original fluid trapped in the inclusions had a density of at least 

0.4 gm/cm"*.
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The low CO2  content of the metasomatic fluid indicated by fluid

inclusion evidence described above (Xqq 0 .1 ) is not unreasonable

even for a skarn, and has been observed in other andradite skarns. In

the Osgood Mountain deposit studied by Taylor and O’Neil (1977, p. 31),

a study of the oxygen isotopes revealed "Metasomatic fluids in massive

skarns were I^O-rich by comparison with fluids in equilibrium with meta-

morphic grossularite (X^q = 0.14) . . . and varied from X^q = 0.35

for grossularite to Xnr. = 0.01 for andradite."
C02

Fluid inclusion data from this study and the experimental data

of Greenwood (1967) and of Marker and Tuttle (1956), on wollastonite

stability, can both be used to infer the X̂ -. of the metasomatic fluid.LU2

Thus, the experimental data can serve as a check on some of the fluid 

inclusion data. Figure 10 is from Winkler (1976) and shows the posi

tion of the curve representing the reaction CaCOg + SiOg = CaSiOg + COg

in pressure-temperature space as a function of Xr_. in the fluid phase.
C02

The paragenetic data of Lehman (In preparation) and the petrographic 

observations in this study place wollastonite with the early calcite- 

iron-silicate assemblage of garnet and clinopyroxene. Therefore, the 

maximum pressure under which wollastonite formed was probably near 500 

bars, as indicated by the homogenization behavior of fluid inclusions in 

garnet, which corresponds to a temperature of 480°C. Figure 10 indi-

= 0.04 is the maximum possible COg content of the fluidcates that X
U U g

phase in order for wollastonite to form at 480°C and 500 bars. This 

agrees reasonably well with fluid inclusion evidence and demonstrates
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Figure 10. Phase Diagram Illustrating the Formation of Wollastonite. —  
Dependence of equilibrium temperatures on fluid pressure,
P, for various constant compositions of the fluid phase. 
(From Winkler, 1976,) The diagram is based on experimental 
data taken from Greenwood (1967) and Marker and Tuttle 
(1956). The numbers on the curves represent the Xco in the 
fluid phase. 2



that the mole fraction of CO2  in the fluid phase is less than or equal 

to 0 .1 , and possibly less than 0.03.



DISCUSSION

The Metasomatic Fluid

The stable isotope study of Taylor and O'Neil (1977) revealed 

other data possibly applicable to the Washington Camp deposit. The 

grandite garnets in the Osgood Mountains, like those at Washington Camp, 

are typically up to 1  cm in diameter and are compositionally zoned on 

a very small scale (20-40 microns); those in the Osgood Mountains exhib

it a consistent relationship between chemical and isotopic composition. 

Because of the small-scale oscillations in garnet composition, Taylor 

and O’Neil decided that changes in temperature could not be responsible 

for these isotopic variations observed in garnet. Instead, they con

cluded, the variation must have been caused by changes in the isotopic 

composition of the fluid. Although fluid inclusion evidence from 

Washington Camp garnets suggests that significant temperature changes 

undoubtedly occurred, there is no evidence to indicate a direct corre

lation between temperature and garnet composition; in fact, garnets 

showing only a minor range in composition (less than 1 2  mole percent 

andradite) yielded homogenization temperatures over the entire range 

from 350°C to 490°C.

Fluid distribution in the skarns was apparently non-uniform, 

and crystallizing minerals were affected by both very local (a few 

meters) and more regional (system-wide) factors, determining the course 

and time of their deposition. Differences in original rock type and

28
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permeability are examples of local controls, and the temperature, pres

sure, and composition of the metasomatizing fluid are examples of 

system-wide variables.

As stated in the preceding paragraph, large (>2 cm in diameter) 

garnets with numerous fluid inclusions, yielding temperatures in the 

range 350-480°C, showed only minimal compositional variation (less than 

1 2  mole percent andradite), while other fine-grained, massive garnet 

samples, showing no visible fluid inclusions often had compositions 

varying from pure andradite cores to rims containing as much as 73 mole 

percent of the grossular component. The volume of large garnets may 

represent an isolated section of the skarn which received only one 

pulse of early iron-rich metasomatic fluid, and was allowed to cool un

disturbed by subsequent doses of fluid. In this area, large euhedral 

crystals formed which preserved the thermal, but not the chemical, his

tory of the system. Alternatively, garnets showing the wide range in 

composition may have been exposed continuously to a fluid of changing 

composition distributed throughout the skarns, because the zoning trend 

of iron-rich cores varying to iron-poor rims is observed in widely 

separated geographic locations. The importance of very local effects 

in controlling the nature and time of deposition of the minerals is evi

denced by the extensive compositional differences observed in garnet 

samples separated by no more than a few meters, and is illustrated by 

samples collected near the South Belmont mine (Figure 3). One garnet 

sample (27b) is nearly pure andradite and is unzoned; another garnet
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sample (27a), a few meters away, is zoned from andradite^ to andra- 

ditegg; and a third garnet (28a), within a few meters of the first two, 

shows zoning in the range andradite^ to andradite^.

Mass Transfer Considerations

Equilibrium assemblages of minerals, composed of no more than 

three components, may be represented in the plane of an equilateral tri

angle with each corner representing the pure component. Table 1 con

tains the names and chemical formulas of common skarn minerals at ■ 

Washington Camp, and these phases require nine major oxide components; 

CaO, FegOg, AlgOg, FeO, MgO, MnO, SiO^, H^O, and CO2  to define their 

composition. Therefore, some restrictions are necessary and certain 

choices must be made to display the phase relations on a two-dimensional 

diagram.

MnO need not be considered because it occurs only in garnet, 

clinopyroxene, and calcite which are also found without MnO, indicating 

that MnO is not required to stabilize them. Quartz appears to have 

been present from the beginning of deposition of the skarn so the as

sumption of excess silica permits consideration of only minerals which 

are stable in the presence of quartz. Finally, in a metasomatic en

vironment, the assumption of a ubiquitous fluid phase, in this case 

containing H^O and COg, permits representation of mineral compositions 

with respect only to their solid oxide components. The components 

which remain to be considered are CaO, Fe^O^, A^Og, FeO, and MgO.

A traditional ACF representation, as well as a modified 

calcium-iron—magnesium diagram, will be used to display stability
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Table 1. Minerals in the System Ca0 -Fe2 0 3 -Fe0 -Al2 0 g-Mg0 -Mn0 -

SiO^-COg-HgO Found at Washington Camp and Used in the 
Calculations.

MINERAL NAME CHEMICAL FORMULA
grossularite Ca^A^SigOj^

andradite Ca2 ^6 2 8 1 2 0 ^ 2

spessartite Mn2 Al2 Si2 0 ^ 2

diopside CaMgSi2 06

hedenbergite CaFeS^Og

johannsenite CaMnSi2 0 6

epidote Ca2Al2FeSi3012C0H)
clinozoisite Ca2 Al2 Si2 0 i2 (0 H)

prehnite Ca2Al2Si20^Q(OH) 2

anorthite CaAlgSi^Og

tremolite Ca2 (Mg,Fe) 5 Si8 0 2 2 (OH) 2

talc (Mg,Fe)3 Si4 0 1 0 (OH) 2

chlorite (Mg,Fe)5Al2Si3010(OH)8
cordierite (Mg,Fe)5 Al2 Si5 0 1 7 (OH)

wollastonite CaSi03

kaolinite Al2 Si2 0 5 (0 H) 4

pyrophyllite M 2Si4010(0H)2
andalusite Al2 Si0 5

quartz Si° 2

calcite CaCOg

dolomite CaMg(C03 ) 2

hematite Fe2°3
magnetite Fe3°4
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relations among minerals. On the triangular diagram, the components 

Fe2 0 g and Al^O^ are combined at one apex, FeO and MgO are combined at a 

second, and CaO occupies the third. This combination of components re

quires that no partitioning of the components combined at the first and 

second corners occurs between minerals, and at Washington Camp no FeO- 

MgO or Al2 ^3 -Fe 2 0 3  partitioning among garnet, pyroxene, talc, tremolite, 

or chlorite was observed. Finally, although solid solution has a stabi

lizing effect on minerals, as a first approximation the calculations 

were done for pure aluminum and magnesium phases. Intermediate members 

of both the grandite and diopside-hedenbergite solid-solution series 

are found at Washington Camp, as are tremolite, talc, and chlorite con

taining mostly magnesium with minor iron. However, calculations indi

cated that all of the pure phases were stable under the conditions of 

formation indicated for them by petrographic, fluid inclusion, and min

eral chemistry evidence— therefore making it unnecessary to call on 

solid solution to stabilize them.

The stable minerals and assemblages at two temperatures and 

pressures are shown in Figure 11, constructed using petrographic ob

servations, mineral chemistry, and thermodynamic data compiled by 

Helgeson et al. (in press). Values used for the fugacity of HgO are from 
Helgeson and Kirkham (1974). Figure 11a represents minerals which could 

have formed by addition of Si0 2, Fe2 0 2 , and possibly AlgO^ to relatively 

clean limestones and dolomites at 475°C and 500 bars. Figure lib shows 

stability relations at 250°C and 200 bars, considered to be representa

tive of conditions under which the later magnesium-rich alteration
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assemblage formed. Figure 11c represents the stable assemblages at 

250°C and 200 bars if the fugacity of COg is considered to be greater 

than a few bars (i.e., >3.5 bars). This small fraction of the total 

pressure is still compatible with the observed lack of immiscible CO2  

(Xq q^ £0.1). If the value of f ^  is greater than the equilibrium 

value of 0.5 bars for the reaction of diopside breaking down to tremo- 

lite and calcite and greater than 3.5 bars for the breakdown of trem- 

olite to talc and calcite, then the assemblage calcite-talc is stable 

with respect to diopside and tremolite.

The bulk chemical composition of the Washington Camp skarns, 

determined from the relative abundance of minerals and knowledge of 

mineral compositions, plots in the grossular-woliastonite-diopside field 

very close to the grossular point. This point is represented with a

on Figure 11a. Calcite, talc, and chlorite, occurring*as alteration 

of garnet and pyroxene and as independent minerals, comprise the later 

alteration assemblage. Calcite is the most abundant phase observed in 

thin section making up at least 75 volume percent of the alteration, 

thereby forcing this bulk composition to plot somewhere in the upper 

portion of the triangle calcite-talc-chlorite. The point labeled 

on Figure 11c represents the bulk composition of this assemblage.

The two triangular fields in Figure 12, wollastonite-grossular- 

diopside and talc-chlorite-calcite, describe the extent of chemical com

patibility of the early calcium-iron-silicate assemblage and the later 

magnesian assemblage. The two fields only overlap in composition in
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Figure 12. Chemical Compatibility Diagram for Two Assemblages in the 
System Ca0-Fe2 03 -Al2 03 -Fe0-Mg0.
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the shaded triangle, indicating that a chemical reaction could not 

cause conversion of the first group of minerals to the second group un

less the bulk composition of both assemblages plots in the small shaded 

triangle where the two fields overlap. The bulk composition of the 

later, low-temperature assemblage plots within that region (point "+"), 

but the early, high-temperature assemblage plots well outside this area 

of compositional compatibility (point "*"). Therefore, addition and/or 

subtraction of at least one component is necessary. The line "wollas- 

tonite A" represents removal of CaO in the direction of the arrow, hold

ing the AlgOg to MgO ratio constant at the ratio observed in the early 

garnet-pyroxene assemblage. It is clear that there is no way to move 

away from the CaO apex along this line and intersect the stability 

field defined by the later calcite-chlorite-talc assemblage. In order 

to convert the initial assemblage of wollastonite-grossular-diopside 

extensively to calcite-talc-chlorite, a large influx of MgO would be re

quired. However, considering the nearly complete destruction of the 

earlier-formed pyroxene and the limited distribution of the second mag

nesian assemblage in the area of study, the breakdown of pyroxene appears 

to have been a source of at least part of the magnesium necessary for 

the transformation.

In other parts of the skarn, studied in detail by Lehman (In 

preparation), replacement of the initial iron-rich calc-silicate assem

blage by the later magnesian assemblage has been nearly complete, and 

large Fe-Cu-Zn-Pb sulfide bodies have developed. Such complete conver

sion of the original Ca-Fe-silicates to Mg-silicates and Fe-rich
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sulfides suggests the importance of breakdown of early silicates to sup

ply the necessary iron to form sulfide deposits in the skarn environment. 

Figure 13 is used to demonstrate the close relationship between magne

sium metasomatism of the earlier iron-rich skarn minerals and the forma

tion of iron-bearing sulfide bodies. In constructing this diagram, 

calcium, iron, and magnesium were chosen as critical variables as op

posed to cases where aluminum and the oxidation state of iron were also 

considered (Figure 11). Aluminum was omitted because compositional 

analyses indicate it is only a very minor component of the Washington 

Camp skarn. Ferrous iron was removed from the magnesium + iron apex 

of Figure 11 and combined with ferric iron on Figure 13 in order to 

evaluate mass transfer effects independently of changes in oxidation 

state of the system. Only the phases found in the various assemblages 

are included on the three compositional triangles in Figure 13, and the 

points representing the bulk composition of the various assemblages are 

again plotted using the mass abundance of minerals observed and mineral 

compositions determined with the electron microprobe.

Figure 13a shows the initial wollastonite-gamet-pyroxene as

semblage; the "dot" on the diagram, and on those to follow, represents 

the bulk composition of this initial skarn. Figure 13b represents the 

late-stage alteration minerals calcite-iron oxide-talc (i.e., hydrous 

magnesium silicates) which were weakly developed in the southern portion 

of the skarns treated in this study. Calcite is the most abundant phase 

in this assemblage, followed by iron oxide, with hydrous magnesium sili

cates being the least abundant component. The "dot" on the figure
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approximates the bulk composition of the system which was probably very 

close to that of the original skarn and will, therefore, be represented 

by the same point. It is apparent that conversion of the initial 

garnet-pyroxene skarn (Figure 13a) to the "magnesian" skarn represented 

in Figure 13b could occur with minor addition or removal of components.

Figure 13c delineates the extensively developed alteration stud

ied by Lehman (In preparation) in the areas of abundant sulfide miner

alization, which contain hydrous magnesium silicates, iron oxides, 

chalcopyrite, and iron-rich sulfides. The bulk composition of such 

rocks can be assumed to plot near the base of the triangle and is indi

cated by the open circle. Conversion of the assemblage in Figure 13a 

to the assemblage in Figure 13c requires significant removal of calcium 

and addition of magnesium, causing conversion of early iron-rich calc- 

silicates to hydrous magnesium-rich silicates releasing iron to form 

sulfide bodies of chalcopyrite, pyrrhotite, and pyrite.



THE GEOLOGICAL ENVIRONMENT OF 
FORMATION OF THE SKARNS

The pressure-temperature regime Indicated by the fluid inclusion 

evidence has been documented in other deposits. Nash (1976, p. D 6 ), in 

his paper on fluid inclusion data from porphyry copper deposits, states: 

"Pressure determinations based on fluid inclusion properties are gener

ally less than 2000 bars and are commonly less than 500 bars." He also 

describes fluid inclusions, like those at Washington Camp, from garnets 

in skarn bodies at Copper Canyon which yielded homogenization tempera

tures as high as 540°C. Clearly, the temperatures and pressures found 

at Washington Camp are not uncommon, although the geological environment 

postulated for their attainment is somewhat unusual.

As discussed earlier in the fluid inclusion section, if the 

pressure of 500 bars indicated by fluid inclusion data is assumed to be 

hydrostatic pressure, then the overburden indicated is 5 km, but if the 

pressure is assumed to equal lithostatic pressure, then the indicated 

overburden is 1.8 km. A depth of 1.8 km is not totally unreasonable 

for a pluton the size of the Patagonia Batholith (at least 6.5 km wide 

and 70 km long), and Turner (1968) suggests that many Phanerozoic plu- 

tons were emplaced at shallow depths— possibly between 2  and 8  knu 

Also, Forrester (1972) determined a depth of intrusion of 600 m from a 

reconstructed stratigraphic column for the Hanover-Fierro pluton in New 

Mexico, implying that shallow plutons are not that rare in the south

western United States. Therefore, a shallow depth of intrusion for
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the Patagonia Batholith is not unlikely although a depth of 5 km may 

be more compatible with the high temperatures observed.

The attainment of a temperature of 500°C at a distance of great

er than a few hundred meters from the pluton contact is difficult to ex

plain even assuming a depth of 5 km, rather than the 1.8 km possibly 

indicated for the Patagonia Batholith. However, the fluid inclusion evi

dence at Washington Camp indicates that garnets at a distance of at

least 325 m and possibly as far as 600 m from the exposed pluton contact 
oformed at 500 C. Verhoogen et al. (1970), using the data of Jaeger 

(1959), modeled temperature gradients caused by purely conductive trans

fer of heat in quartzite (initially at 100°C) intruded by a 10 km-wide 

granodiorite magma (initially at crystallization temperature of 8Q0°C 

with a latent heat of fusion of 80 cal/gm). Their data suggests that a 

temperature of 500°C could be attained in the country rock only within 

about 300 m of the igneous contact. If convective heat transport is 

also considered, as in the work of Norton and Knight (1977), the data 

suggests that around a large pluton (60 km long) intruded at a depth of 

4 km in the crust, the 500°C isotherm does not move more than a few hun

dred meters from the contact. So, even by calling on convection as a 

mechanism for heat transfer, it is difficult to explain the attainment 

of 500°C in the limestones at Washington Camp at a distance of 600 m 

from the contact unless the unique position of the Washington Camp skarns 
is considered.

Aeromagnetic data suggests that the granodiorite is beneath the 

skarns at a depth of % 600 m (Lehman, personal communication, 1978),
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implying that the skarns formed as a roof pendant sitting in a depres

sion on top of the batholith. In such a position, heat transport into 

the skarns is facilitated because the heat emanates into the host rock 

from many sides, and it is conceivable that the high temperatures ob

served could be attained throughout the skarns at either 1 . 8  or 5  km 
depth.



SUMMARY AND CONCLUSIONS

Pyrometasomatic alteration of the limestones began with initial 

heating and conversion of calcite to very iron-rich garnet, wollasto- 

nite, quartz, and iron-oxide in the presence of a boiling, oxidizing 

(equal to or more oxidizing than the hematite-magnetite buffer) solution 

at 490°C and approximately 500 bars. This was followed by initial py

roxene deposition at a temperature of at least 435°C. As the tempera

ture declined, the aluminum content of some garnets increased to a 

maximum of 73 mole percent grossular, and when the temperature reached 

390°C, iron was deposited again as andradite overgrowths on early gar

net crystals. Garnet, and possibly wollastonite and pyroxene, stopped 

precipitating when the temperature dropped below 350°C. Some time near 

the end of early calc-silicate formation, vesuvianite and epidote began 

depositing and were followed soon after by the onset of sulfide deposi

tion which became important only during the period of late hydrous 

magnesium-rich silicate deposition. This late alteration phase was ap

parently tapering off when the latest, secondary quartz was beginning 

to deposit at about 270°C (Lehman, In preparation). This sequence of 

events can be characterized by a period of early, high-temperature iron 

metasomatism of limestones followed by breakdown of early anhydrous 

Ca-Fe-Mg-silicates to form late, low-temperature magnesium silicates 

and iron-rich sulfides, requiring extensive magnesium metasomatism. The 

paragenetic sequence and temperature relationships are summarized sche

matically in Figure 14.
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This study of mineralogy and fluid inclusions has yielded con

siderable information about the metasomatizing solutions. Fluid dis

tribution in the skarns was non-uniform and some areas were affected . 

continuously by the evolving solution, while others were only exposed to 

it during isolated stages of its development. The initial solution 

which contained between 10 and 25 weight percent NaCl equivalent appears 

to have been near the critical point of the H^O-NaCl system in pressure- 

temperature space, with an original density of at least 0.4 gm/cm . The 

fluid was highly oxidizing at first but became more reducing with time, 

as indicated by the presence of magnetite pseudomorphs after specular 

hematite. As the temperature decreased from 480°C to 360°C, the solu

tion appears to have boiled continuously during precipitation of iron- 

rich garnet. The early solution carried substantial amounts of iron 

and silicon into the relatively clean limestones and removed much of 

the CO2  formed by calcite breakdown, although a low value of in

the H^O-COg fluid (Xqq 0.1) was maintained during the process. The 

presence of quartz as a stable phase in the early calc-silicate assem

blage as well as in the later magnesium-rich alteration stage and the 

wide range in fluid inclusion homogenization temperatures found in 

quartz (420-210°C) suggest that the solution was saturated with quartz 

throughout the period of skam formation and later mineralization.



APPENDIX A

ELECTRON MICROPROBE METHODS— DATA 
COLLECTION AND REDUCTION PROCEDURES,

AND COMPLETE CHEMICAL ANALYSES OF 
MAJOR MINERALS IN THE WASHINGTON CAMP SKARNS

Electron microprobe studies were done to determine precise min

eral compositions and mineral zoning patterns. Minerals were analyzed 

for calcium, iron, silicon, aluminum, magnesium, manganese, chromium, 

potassium, and sodium, the only elements present in detectable amounts. 

The analytical standards used are listed below:

Elements Standard
Fe, Cr chromite
Ca, A1 anorthite
Si, Mg diopside
Mn rhodonite
Na albite
K microcline

Garnets were traversed to document zonation of calcium, iron, 

and aluminum, and in a few cases were checked for zoning of manganese. 

Pyroxenes were checked for zoning of calcium, magnesium, manganese, and 

iron.

The mole fraction of end member components in the grandite solid 

solution, listed at the end of this appendix, were calculated assuming 

pure stoichiometric grandite garnet and assuming all iron to be in the 

ferric state, as evidence indicated the presence of no more than 2  mole 

percent ferrous iron. The values listed were calculated using the 

following formula:
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Moles FegOg
Moles Fe2 0 g + Moles AI2 O 2

The mole fraction of end member components in the clinopyroxene solid 

solution were calculated assuming pure diopside-hedenbergite-johan 

johannsenite because microprobe analyses varied insignificantly from 

these stoichiometric end members. The mole fractions were calculated 

with the following formulas:

xn1 „ .  ___________ M° lesMgO _________
D1 P Males Mg0 + MolesFe0 + Moles^

y _ __________ MolesF e 0 ____________
^ * d  MolesMgO + MolesFeO + MoleSMnO

XJoh ___________ MolesMnO___________
MolesMgO + MoleSFeO + MoleSMnO
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Table A.l. Complete Electron Microprobe Analyses of Garnets (Weight 

Percent).

SAMPLE ANALYSIS 0 5 0  Fe2 0 3  AI2 O3  MnO Si0 2  XAd
3 5b 32.39 31.64

3c 4a (c) 33.45 24.16
4a (r) 33.77 27.35
4a (m) 32.30 31.84

7a 9 d (c) 32.19 31.12
1 0 a (r) 32.64 18.05

8 1 c (c) 31.83 29.95
lb (i) 32.01 29.03

9b lib (c) 32.69 32.01
1 1 c (r) 34.98 16.65
1 2 a (m) 34.56 17.24

1 2 a la (r) 33.56 27.57
lb (c) 33.77 31.90

1 2 b la (r) 33.25 28.52
lb (c) 32.99 30.66

1 2 d 1  (r) 33.02 29.34
2  (i) 32.97 31.38
1 0  (c) 32.91 32.07

1 2 c 1  (r) 32.97 31.85
2  (m) 32.89 31.97

19a 24c (r) 34.39 9.04
24d (c) 32.73 32.17

23 4a (r) 32.05 31.85
4b (c) 32.31 28.24

26 4a (r) 32.38 28.88
4g (c) 32.69 30.40

27 lb (m) 32.33 31.89
1 0 b (m) 33.55 22.74
2 a (r) 32.92 27.52
2 b (c) 31.87 32.36

27a 2 a (r) 33.42 19.45
2 d (c) 32.71 31.57

0.03 0.96 34.77 1 . 0 0

5.90 1.43 36.48 0.72
3.35 1.18 36.64 0.84
0.17 0.95 34.91 0.99

0.05 1.04 34.81 0.99
9.02 2 . 0 1 36.80 0.57

1.08 1.03 35.68 0.95
2 . 0 1 0.96 36.20 0.85
mmmm 0.64 35.38 1 . 0 0
11.61 0.95 38.92 0.48
10.49 0.84 . 37.59 0.51

2.80 0.44 35.85 0 . 8 6
0.14 0.18 36.22 0.99

2.55 0 . 6 8 35.69 0 . 8 8
0 . 0 1 0.32 35.69 1 . 0 0

2.17 0.43 35.69 0.90
0.03 0 . 2 2 35.50 1 . 0 0
0.03 0.23 35.52 1 . 0 0

0.03 0 . 2 2 35.95 1 . 0 0
0.16 0.23 35.89 0.99

15.96 2 . 0 1 38.77 0.27
0.05 0.60 35.32 1 . 0 0

0 . 1 2 0.55 35.49 0.99
2.83 0.82 36.27 0 . 8 6

2.49 1.17 36.55 0 . 8 8
1.45 0.96 36.61 0.93

0.17 0.63 35.45 0.99
6.92 0.91 36.55 0 . 6 8
3.30 0.73 36.28 0.84
0.27 0.76 35.11 0.99

9.31 1 . 2 2 37.32 0.57
0.18 0.55 35.35 0.99
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Table A.l, Continued

SAMPLE ANALYSIS CaO F6 2 O3 AI2 O3 MnO Si02 %Ad
27b la (r) 32.81 30.02 1.65 0.36 35.66 0.92

lb (c) 32.73 31.26 0.59 0.53 35.67 0.97
2 b (m) 32.75 32.23 0.28 0.59 35.60 0.99

28a 7b (r) 32.47 30.43 0.77 0.90 35.10 0.96
7d (c) 32.95 26.22 3.97 0.90 36.46 0.81

32b 3c (c) 33.19 28.77 2.47 0.89 35.97 0 . 8 8
2 a (r) 33.00 21.26 7.93 1.73 36.60 0.63

37 2 a (r) 32.86 30.75 0.51 0.81 36.04 0.97
2 c (c) 32.80 28.41 2.07 0.82 35.47 0.90
1 c (m) 33.58 27.21 4.00 0.84 36.53 0.81



Table A.2. Complete Electron Microprobe Analyses of Clinopyroxenes (Weight Percent).

SAMPLE ANALYSIS CaO MgO FeO MnO Si02

1 2 c

19a

3b
9f
1 0 j

2 a
2 b
2 c

1 2 a
1 2 c
13a

7d
7e

23.86
23.53
23.66

24.50
25.68
25.40

25.90

25.35
25.42
26.05

24.03
24.08

7.57
3.98
6.70

15.23 
19.44
15.24

14.41

14.09
13.27
17.81

8.13
8.60

10.56 
13.46 
11.51

3.98
0.26
4.47

6.15

5.22
7.14
2.21

10.49
10.57

8.03 
9.46 
7.18

1.97

1.77

1.10
2.71
2.37 
0.33

6.03
5.37

50.45
49.41
50.71

54.87
54.57
54.12

54.51

52.68
51.97
53.77

50.83
50.83

0.42
0.23
0.39

0.82
0.99
0.81

0.76
0.71
0.92

0.47
0.49

0.33
0.45
0.37

0.12
0.01
0.13

0.78 0.18

0.16
0.22
0.07

0.34
0.34

0.25
0.32
0.24

0.06

0.06

0.04

0.08
0.07
0.01
0.19
0.17

27 la 25.82 18.05 0.24 0.15 55.42 0.99 0.01

28a 1 c
5a 
8

23.79 7.47 1 1 . 1 2  

23.99 7.58 1 1 . 6 8  

24.22 9.29 10.67

6.85 52.45 
6.20 50.44 
5.05 50.44

0.42 0.36 
0.43 0.37 
0.51 0.33

0.22
0.20
0.16

Uio



Table A.3. Complete Electron Microprobe Analyses of Magnesium Silicates (Weight Percent). 
Talc

Sample
27b
37

Analysis
2d
1

CaO
0.50
0.23

MgO
24.14
23.56

FeO
12.36
9.62

MnO

0.89

Si02
59.23
60.62

fo e
0.79

Tremolite-actinolite

Sample
9b

Analysis
7b
7c

CaO
12.71
12.75

MgO
14.66
18.26

FeO
9.28
3.86

MnO
4.20
3.52

Al?0i
2.09
2.31

SiO?
53.18
54.03

Algo
0.63
0.81

Blotite

Sample
32b

Analysis
1

K?0
7.57

CaO
0.52

MgO
13.45

FeO
17.13

MnO
1.51

Al^Og
14.18

SiOo
42.57

& g 0
0.58



APPENDIX B

DETAILS OF FLUID INCLUSION STUDIES

The heating and freezing was done on an apparatus originally 

designed by Dr. Gary Landis of the University of New Mexico, and signif

icantly modified by Dr. Richard. Beane of The University of Arizona. The 

body of the circular stage is transits, an asbestos-based insulation 

material, with a central core of stainless steel. This central sample 

chamber is heated by passage of an electric current through a high- 

resistance nichrome wire, wound around silica glass surrounding the 

chamber. Freezing was done on the same apparatus by circulating nitro

gen gas, cooled by passage through liquid nitrogen, through the chamber. 

Temperatures were measured with a chromelalumel thermocouple attached 

to a Doric Model 410 digital trendicator. The trendicator was cali

brated with a D.C. power source using the procedure recommended by the 

manufacturer.
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