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ABSTRACT

The intrusion of a granodiorite pluton into dolomite in the 
southern Sierra Nevada, California, produced symmetrically zoned 
metasomatic veins and massive skarn. Mineral assemblages include: 
calcite + brucite, calcite + forsterite or chondrodite, calcite + ser
pentine, tremolite + calcite, diopside + tremolite + calcite, diopside + 
calcite, and may be adequately described in the system CaO-MgO-Si02-CO2- 
H2O . HF and Fe were also present in the hydrothermal fluid as indicated 
by the presence of chondrodite and Fe substitution in Mg silicates.

MgO and volume were conserved during vein and skarn formation. 
Veins were formed essentially by SiC>2 metasomatism yet quartz saturation 
only occurred at the centers of late veins. The formation of an indi
vidual vein was an isothermal isobaric process occurring in the presence 

of gradients in aCSiC^aq), X(C02), and a(Fe++). From calculated phase 
equilibria, the general conditions of formation were P = 2 kb, 420°C < T 
< 500°C , 0.006 < X(C02) < - 0.05, -4.0 < log .a(Si02) < -1.15, -26 < log 
a(02) < -22 and 7 < log a(Ca++) <8.

ix



CHAPTER 1

INTRODUCTION

The author's field area is located in southern Tulare County 
approximately 80 km northeast of Bakersfield in the Sequoia National 
Forest. It is easily accessible by 40 km of paved and 1 km of dirt road 
from the nearest town of Kernville (Figure 1). Elevation in the field 
area averages about 1500 meters; topography in the immediate area is 
moderate with an average relief of 100 meters.

The field area comprises a small marble septum, physically 
expressed as a small ridge surrounded by more easily weathered granitic 
rocks. The septum is located on the southwest margin of one of the Kern 
Canyon roof pendants, which rises rapidly immediately to its east. This 
roof pendant is situated between the two main physiographic features of 
the region: the Kern River drainage to the west and the Kern Canyon 
fault, which abruptly truncates the pendant, to the east.

Previous work in the area has generally been restricted to 
reconnaissance - style geologic mapping. The field area is located in 
the extreme northwest corner of the Kernville 30 minute quadrangle which 
was mapped by Miller and Webb (1940). Best and Weiss (1964) conducted a 
detailed mineralogic study of the pelitic hornfelses around Lake 
Isabella, located approximately 30 km to the south. Moore and duBray 
(1978) mapped plutons straddling the Kern Canyon fault, just north of 
the field area, in an attempt to determine the amount and

1
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3
direction of movement of the fault. Saleeby and others (1978) have 
attempted a reconstruction, of the Mesozoic geologic environment of the 
southern Sierra Nevada. They conducted reconnaissance style mapping of 
all the pendants in the region and did numerous detailed traverses, 
including one across the Kern Canyon pendant 7 km to the southwest of 
the study area. (

In conjunction with the 1964 Wilderness Act and the 1979 RARE II 
project, the USGS recently produced geologic maps and associated short 
reports on two surrounding areas. duBray and Dellinger (1981) mapped 
the Golden Trout Wilderness Area, located 15 km north of the author's 
study area; Berquist and Nitkiewicz (1982) mapped the Homeland Wilder
ness Area, located 10 km east of the study area. The reports include 
brief descriptions of metasedimentary and igneous rocks, and some radio- 
metric age dates of plutonic rocks.

During 1981 and 1982 the Superior Oil Company, Minerals Divi
sion, conducted a tungsten exploration program centered on the marble 
septum that dominates the field area. This septum hosts metasomatic 
rocks, including veins and tungsten-bearing skarns, which are the sub
ject of the present study. An area of approximately 12 square kilome
ters around the septum was mapped by Superior geologists at a scale of 
1:2500; the septum was mapped in detail at a scale of 1:300. Nine NX 
size core holes were drilled at the site for a total of 1545 meters.

The author spent approximately three weeks in the field during 
1982 and 1983 during which time he mapped the septum at a scale of 1:500 
(see Plate 1). Over 80 petrographic and mineralogic samples were col
lected from numerous spot localities; approximately 40 samples were
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taken from diamond drill core. Over 70 petrographic slides were 
examined to identify minerals and determine modal abundance. Electron 
microprobe analysis of selected polished thin sections was also conduct
ed to identify minerals and determine their compositional characteris
tics .

The author first became interested in the subject of this 
thesis when Mr. Hugo T. Dummet, Chief Minerals Explorationist for the 
Superior Oil Company, Minerals Division, mentioned the unusual character 
of a tungsten prospect Superior was exploring. He stated that the 
tungsten-bearing skarn at the prospect was almost completely devoid of 
garnet and quartz. This seemed quite unusual considering the Sierra 
Nevada batholith encompasses one of the largest tungsten provinces in 
the world and almost all of the tungsten occurrences are in skarns 
mineralogically dominated by garnet and quartz.

The zoned metasomatic veins of this study are an excellent 
natural example of reaction progress "frozen" in rock and are apparently 
minimally affected by retrograde alteration that would tend to obscure 
primary textural and mineralogical features. As such, the sequence and 

mineralogy of metasomatic zones may provide constraints on the condi
tions responsible for vein formation. The purpose of this study is to 
combine geologic observations and thermodynamic data on mineral/aqueous 
solution interactions in an attempt to determine the temperature, pres
sure, and fluid compositions responsible for the formation of skarn in 
the study area and how these variables may have evolved with time and 
distance from the fluid source.



CHAPTER 2

REGIONAL GEOLOGY 

Overview
The Sierra Nevada batholith represents the remnants of a large 

volcanoplutonic arc developed along the western margin of North America 
during the Mesozoic Era (Bateman and Eaton, 1967; Hamilton, 1969;
Saleeby and others, 1978). The batholith is composed of hundreds of 
individual plutons ranging in composition from alaskite to gabbro, the 
majority falling in the compositional range of quartz monzonite to 
granodiorite. The granitic rocks intruded Paleozoic and Mesozoic strata 
which are now preserved as the wall rocks, roof pendants, and smaller 
metamorphic inclusions of the batholith. The metamorphic roof pendants 
and septa of the southern Sierra Nevada exhibit an elongate NNW-trending 
shape which mimics the regional trend of the Sierra as a whole.

Because of intense deformation, disruption by batholith emplace
ment, metamorphism, and lateral variability, the metasedimentary rocks 
of the Sierra have not been divided into formal stratigraphic units. 
Bateman and Clark (1974) applied the name Kings sequence to the Upper 
Triassic and Lower Jurassic metasediments and metavolcanics they 
encountered between the Dinkey Creek and Mineral King areas. Saleeby 
and others (1978) extended this usage to include similar strata in the 

Kern Canyon, Isabella, and Tehachapi pendants. Nokleberg (1981) also 
included the Strawberry mine pendant in the sequence.

5
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The sedimentary protoliths* of the Kings sequence are quartzose 

to sub-arkosic sandstones and flysch, limestone, marble, mudstone, 
calcareous sandstone, and rhyolitic to dacitic tuffs, ashflows, and tuff 
breccias (Nokleberg, 1983). In the Kern Canyon pendants, where the 
study area is located, the sedimentary protoliths are dominantly mud
stone with sandstone, limestone and tuff interbeds, thick bedded lime
stone, and thick to thin-bedded quartzose sandstone (Saleeby and others, 
1978). These strata are now represented by quartz mica schist and 
phyllite, calc-silicate rock, marble, and quartzite.

Age data for the Kings sequence have been derived from both 
paleontologic and geochronologic sources. A bivalve, of probable Early 
Jurassic age, has been found in the Strawberry Mine pendant (Nokleberg, 
1981). Early Jurassic ammonites have been recovered from the Boyden 
Cave pendant (Jones and Moore, 1973). Christensen (1963) reported Late 
Triassic fauna in the Mineral King pendant. Saleeby and others (1978) 
later found Early Jurassic fossils from the same lithologic unit. 
Bivalves of Late Triassic to Early Jurassic age have been reported in 
the Isabella pendants (Saleeby and others, 1978). Metavolcanic rocks 
from the Mineral King pendant have been dated by.U-Pb methods as Early 
Triassic, Late Triassic, and Early Jurassic (Busby-Spera, 1983).

The environment of deposition of the Kings sequence was 
interpreted by Saleeby and others (1978) as a submarine fan system 
containing craton derived sand, volcanoclastics, and tuff interbedded 
with mudstone and carbonate. The sources for these sediments were 

submarine (Busby-Spera, 1983) to subaerial (Saleeby and others, 1978), 

caldera-like volcanic centers positioned along the trend of the present
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day Sierran batholith. The sediments were deposited along a shallow, 
westward dipping continental shelf and slope, mainly from turbidity 
currents.

Plutonic Rocks
The Kernville 30' quadrangle is dominated by plutonic rocks 

spanning the compositional range of gabbro to granite (Miller and Webb, 
1940). The three major intrusive units in the quadrangle are, from 
oldest to youngest: the Summit gabbro, the Sacatar quartz diorite, and
the Isabella granodiorite.

The Summit gabbro is exposed mainly in the eastern portion of 
the quadrangle with minor exposures in the central western portion. It 
is typically a medium-grained, inequigranular, mesocratic, hornblende 
gabbro with minor biotite and abundant accessory pyrite (Berquist and 
Nitkiewicz, 1982; Miller and Webb, 1940). Miller and Webb stated that 
all minerals in the gabbro show evidence of strain, examples of which 
include undulatory extinction of feldspars and bent cleavages in both 
feldspar and hornblende. They assigned a Jurassic age to this unit, 
primarily on the evidence of metamorphic effects.

The Sacatar quartz diorite dominates the northeastern part of 
the Kernville 30' quadrangle. The Sacatar quartz diorite is closely 
related in time to the Summit gabbro on the basis of the common 
occurrence of gradational contacts between them. The Sacatar quartz 
diorite ranges from a medium-grained, equigranular, mesocratic, 
hornblende tonalite to a leucocratic, hornblende-biotite granodiorite 
(Berquist and Nitkiewicz, 1982) with accessory apatite, sphene, 
magnetite, and ilmenite. This unit is commonly cut by mafic dikes,
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0.5-2 meters wide. It also exhibits evidence of strain as shown by
undulatory extinction of feldspar and quartz, bent twin lamellae in

■ .

plagioclase, and bent cleavages in biotite. The Sacatar quartz diorite 
was assigned a Jurassic age by Miller and Webb (1940) because of the 
evidence of metamorphism and its close relationship to the Summit 
gabbro.

The Isabella granodiorite has the largest areal distribution of 
all the intrusive units in the region. It is a leucocratic, medium to 
coarse-grained, inequigranular granite to granodiorite with locally well 
developed porphyritic texture and may be weakly to strongly foliated. 
Biotite is the common mafic mineral; sphene, apatite, and magnetite are 
accessories. Miller and Webb (1940) noted that only quartz commonly 
exhibits undulatory extinction in this unit.

In the Kern River canyon, Miller and Webb (1940) mapped two 
intrusive bodies which they believed may be related to the Sacatar 
quartz diorite. One such body surrounds the marble septum in the study 
area; the other occurs 20 kilometers south along the Kern Canyon fault. 
They mapped both of these bodies as a diorite facies of the Isabella 
granodiorite but stated it was nearly impossible to distinguish this 
facies from the more felsic facies of the Sacatar quartz diorite. Their 
assignation was based solely on field relations as no other units of the 
Sacatar quartz diorite are found in the area.

Radiometric Ages
The author knows of no radiometric age determination for the 

intrusive unit that dominates the study area. Evernden and Kistler
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(1970) sampled various plutons that are thought to be part of the 
Isabella granodiorite in the southern Sierra Nevada and obtained mostly 
Late Cretaceous K-Ar ages (80-90 m.y.). A biotite separate from the 
southernmost of the two intrusive units mapped by Miller and Webb (1940) 
as a diorite facies of the Isabella granodiorite (the other unit being 
the main intrusive in the study area) was dated at 86.6 m.y. by Evernden 
and Kistler (1970).

R. M. Tosdale in Berquist and Nitkiewicz (1982) reported a 
discordant hornblende-biotite mineral pair from the Sacatar quartz dio
rite with a mean hornblende K-Ar age of 145.4 m.y. and a single biotite 
age of 89.1 m.y. Regional heating, as a result of the intrusion of the 
Isabella granodiorite and subsequent loss of radiogenic argon from 
biotite, relative to hornblende, is the probable cause for the age 
discrepancy.

Lamprophyre dikes are found in the Sacatar quartz diorite as 
well as in similar intrusive units in the Golden Trout Wilderness, 
located north of the study area (duBray and Dellinger, 1981). These 
dikes are tentatively correlated with the Independence dike swarm of 
Chen and Moore (1979) who dated them by U-Pb methods at 148 m.y. Age 
dating of the Sacatar quartz diorite and cross-cutting lamprophyre dikes
suggest minimum Late Jurassic ages for both it and the closely asso-

1 1 1 "elated Summit Gabbro, supporting Miller and Webb's (1940) age estimate 
of the units based solely on field and petrologic evidence.



CHAPTER 3

LOCAL GEOLOGY

General Description of the Septum 
The septum is an elongate body of dolomitic marble with minor 

phyllite and hornfels bounded to the east and west by granodiorite (see 
Plate 1). The trend of this marble is almost due north, parallel with 
the main pendant located to its east. The septum is approximately 350 
meters long and averages 20 meters in width, but reaches widths of up to 
45 meters.

Outcrops in the area of the septum are only fair, with over
burden and scrub brush covering much of the area; a few contacts were 
mapped on the basis of float. Marble usually forms good outcrops 
because of its resistance to weathering relative to phyllite and intru
sive rocks. Granodiorite and phyllite are generally only well exposed 
in readouts and drainages, except where silicified.

Surface mapping and information from diamond drilling suggest 
the western contact of the septum dips 65-75 degrees east. Although no 
dips were recorded for the eastern contact of the septum, on the basis 
of diamond drill data it is inferred to have gentler eastward dip than 
the western contact. Diamond drill data and measured shallow dips on 
the western contact suggest the northern portion of the septum is 
floored by granodiorite at shallow depths. Apparently, the septum

10
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extends over 90 meters down dip in its central and southern areas before 
being faulted against granodiorite.

Marble
Marble is the dominant rock type in the septum, consisting of 

banded white to light-grey, medium-grained (average 1 millimeter) 
dolomite. Banding results from alternating thin graphitic and non- 
graphitic layers, the graphite evidently representing organic-rich ' 
layers in the original sediment. Dolomite is bleached white near 
intrusive contacts and within centimeters of any skarn or metasomatic 
vein-marble interface. Bleaching is commonly accompanied by a depletion 
of magnesium from the dolomite, resulting in a calcite marble.

Bedding in dolomite may usually only be recognized on fresh 
surfaces where it is defined by graphitic layers. Weathering tends to 
obliterate the layering, lending a uniform grey color to outcrops. 
Bedding directions in marble, measured from graphitic layers, average N 
15-30 W and dip 75-85 NE. Small masses of metamorphic reaction miner
als, mainly dark brown phlogopite, commonly occur along bedding planes.

The dolomite is thought to be of diagenetic, rather than hydro- 
thermal, origin. In many areas, especially the southern part of the 
septum, calcite layers or pods less than one centimeter wide lie par
allel to the graphitic layering and alternate with dolomite (see Figure 
2). They weather more easily than adjacent dolomite and usually have a 
lighter color. The calcite layers are very difficult to distinguish on 
freshly broken surfaces except that where metasomatic veins cross the 

layers no reaction minerals form in the calcite. There may be larger
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FIGURE 2. Thin (< 3 cm) calcite bands in dolomite. Color differences 
between weathered calcite (light) and dolomite (dark) are the result of 
the higher Fe content of dolomite. Scale is 15 cm long.
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areas of calcite marble in the septum, which may explain why metasomatic 
veins sometimes die out then reappear along their trend.

In contrast, Einaudi (1977) and Harris and Einaudi (1982) 
concluded that dolomitic marble found near Cu-bearing skarns in the 

Yerington district, Nevada, was the product of hydrothermal alteration 
of a massive calcite marble. They found the dolomite content to be 
quite variable, rarely exceeding 60 percent. At outcrop scale, they 
noted dolomite may occur as stratiform layers but commonly occurs as 
cross-cutting veins. Therefore, the occurrence of only minor, if any, 
calcite in the dolomite of the septum, in addition to the lack of 
obvious cross-cutting veins, suggests that the dolomite-calcite layering 
in the study area is pre-hydrothermal’.

Phyllite
Phyllite occurs as distinct bodies and xenoliths in grano- 

diorite, but rarely in the marble. Phyllite is the dominant lithology 
upslope to the east of the septum, beyond a contact with granodiorite. 
The phyllite is commonly a strongly foliated, grey-green rock composed 
chiefly of quartz, biotite, and plagioclase with accessory ilmenite and 
minor pyrite, weathering to a rust brown color. Near igneous contacts, 
recrystallization of the biotite lends a schistose character to the 
rock.

Lenticular phyllite xenoliths are common in the granodiorite, 
especially near contacts between the two. The xenoliths often exhibit 

diffuse streaks and patches of medium-grained plagioclase + quartz + 
biotite, suggestive of partial melting. Because of the common .
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occurrence of phyllite xenoliths in the granodiorite and the absence of 
phyllite in the marble, it is suggested that granodiorite preferentially 
invaded phyllite rather than marble upon intrusion. Evidence of this 
can also be seen adjacent to a folded marble bed in the drainage just 
south of the septum (see Plate 1) where marble forms a distinct bed 
surrounded by intrusive.

Intrusive
Plutonic rocks are classified on the basis of mineralogy 

according to the IUGS system (Streckeisen, 1973). The intrusive rock 
unit having the largest areal extent in the vicinity of the study area 
is a mesocratic to leucocratic medium-grained hornblende-biotite 
granodiorite. Biotite generally predominates over hornblende, but some 
samples contain approximately equal amounts. The rock is weakly to 
moderately foliated as shown by the alignment of mafic minerals and 
small, less than 10-15 cm, lenticular mafic inclusions. Igneous 
foliation has an average strike of N 10-45 W with near-vertical dips.

The contacts of the granodiorite are generally sharp, especially 
with marble or skarn. A few contacts between intrusion and phyllite 
exhibit a migmatitic texture. The rock consists of patches and pods of 
recrystallized phyllite (now biotite schist) arranged sub-parallel to 
the contact. Surrounding and cutting the pods of schist is a mafic 
granitic phase with porphyritic plagioclase (up to 3 mm) in a mainly 
biotite matrix. The granitic phase is poorly foliated; compared to 
more normal granodiorite, it has smaller, more euhedral plagioclase and 
larger amounts of finer grained biotite.
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Alteration of the granodiorite is common along the numerous 

hairline fractures and up to 5 cm wide quartz - feldspar veins that com
monly develop with proximity to marble and skarn contacts. The most 
common result of hydrothermal fluid flow along these conduits is 
silicification of the wall rock. Small veins and fractures may be 
dominated by epidote, calcite, or quartz; larger veins contain quartz as 
the dominant phase with lesser amounts of epidote and calcite and
sometimes minor pyrite and chalcopyrite. Potassium feldspar halos are

' ' " . " >commonly developed along the margins of the veins, as is propylitic 
alteration of the mafic constituents of the intrusive.

Zones of endoskarn from two to four feet wide usually develop at 
intrusive contacts with the dolomite. Endoskarn is a silica flooded 
rock consisting of plagioclase, quartz, pyroxene or amphibole, minor 
scheelite, and rarely garnet.. It contains up to ten percent dis
seminated sulfides including pyrrhotite, chalcopyrite, pyrite, and 
molybdenite. Conversion of unaltered intrusive rock to endoskarn is 
progressive, beginning with the alteration of both biotite and 
hornblende to diopside, then an increase in silica and sulfide content 
accompanied by the conversion of diopside to actinolitic amphibole. In 
outcrops, this progression is well expressed as unaltered intrusive rock 
becomes more blocky and lighter colored.

Skarns
Metasomatic veins and massive skarns occur in the marble of the 

septum. Symmetrically zoned assemblages of Ca-Mg silicates replaced 
dolomite marble along fractures cutting the septum. Massive skarn
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FIGURE 3. Typical outcrop of metasomatic veins. Note the merging of 3 
veins below the hammer.
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FIGURE 4. Boulder containing half of a wide metasomatic vein. Note the 
thin oxidized stringer (calcite + forsterite zone) just to the left of 
the hammer head. Continuing left is a light colored tremolite + calcite 
zone then a wide, dark diopside + tremolite + calcite + opaque (massive 
skarn) zone. The Fe-stained flat surface to the extreme left is the 
vein center.
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simply represents the end product of metasomatic vein formation. It 
forms by the overlapping of the inner diopside + tremolite + calcite 
zones of parallel to intersecting metasomatic veins resulting in 
complete replacement of any marble between them. Abbreviations and 
stoichiometric formulas of minerals found in skarns are presented in 
Table 1.

Metasomatic Veins
Zone sequences and assemblages characteristic of the study area 

are listed in Table II. Metasomatic veins are commonly only a few
centimeters wide, though individual veins may reach widths of over two

• ' • ' ■meters. A typical outcrop is shown.in Figure 3. While the outer 
forsterite or chondrodite + calcite reaction mineral zone is usually 
less than one centimeter wide, the diopside + tremolite + calcite 
(massive skarn) zone found near the vein center generally composes the 
majority of the vein, reaching widths of one meter (see Figure 4). 
Individual veins may be traced for distances of over 20 meters.

Metasomatic veins have a dominant N 30-40 E strike and steep 
northward dip, although strike directions may range from N20W to E-W 
(see Figure 5). It appears that veins approximating a N-S strike formed 
later than the dominant NE-striking veins. Offset of NE-trending veins 
by N-trending veins was observed in a few places, and centers of 
N-trending veins commonly contain actinolite and quartz which are 
thought to have formed late in the mineralization period.
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TABLE I. Mineral names, abbreviations, and stoichiometric formulas.

Mineral Name Abbreviation Mineral Formula

Antigorite . - ' ANT Mg48Si34085(°H)62
Brucite : - .. ■' ' BR Mg(OH)2
Calcite CAL CaCOg
Chrysotile CHR Mg3Si205(0H)4
Chondrodite CON Mg5Si208(OH)2
Diopside D1 CaMgSi20g
Dolomite DOL CaMg(C03)2
Forsterite FO Mg2Si04

Quartz QTZ Si02
Talc TC MG3Si4O10(OH)2
Tremolite TR Ca2MG5Sig022(OH) 2
Wollastonite WOL CaSi03
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TABLE II. Zone sequences and observed mineral assemblages of metasom- 
atic veins.

Sample Vein Front L Vein Center

F1-4A.B Dol/Br+Cal/Con+Cal/Dl+Con+Cal/Dl+Cal
FI-8 Dol/Con-fCal
FI-12 Dol/Con+Cal/Ant+Cal/Tr+Cal/Di+Tr+Cal

*F3-2 Dol/Con+Gal/Tr+Cal
F5-2 Dol/Fo+Cal

*F7-3 Dol/Fo+Cal/Ant+Cal/Tr+Cal
*F7 - 7 Dol/Chr+Cal/Tr+Cal
F7-12A.B Dol/Con+Cal/Ant+Cal/Tr+Cal/Di+Tr+Cal/Di+Cal

*F8-1 Dol/Chr+Cal/Tr+Cal/Tr+Di+Cal
*F8-2 Dol/Con+Cal/Ant+Cal/Tr+Cal
16-8 Dol/Con+Cal/Tr+Gal/Di+Cal
7-13-3 Dol/Con+Cal/Tr+Cal/Tr+Di+Cal/Di+Cal+Tr
7-16-3 Dol/Fo+Cal

7-17-7 Dol/Con+Cal/Ant+Cal/Tr+Cal/Di+Cal

*Vein center assemblages not observed because specimen width was less 
than vein width.
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Massive Skarn

The major outcrops of massive skarn are found in the central and 
southern portions of the septum. Outcrops are resistant and have some
what irregular boundaries. The boundaries are evidently determined by 
the density of the fractures formed prior to and during the minerali
zation process.

Massive skarn is a medium apple-green to dark gray-green compact 
rock consisting chiefly of diopside, tremolite, and minor calcite with 
varying amounts of scheelite (see Figure 6). Individual grain sizes are 
uniformly less than 0.5 mm, giving the rock a hornfelsic character. 
Lighter colored bodies of massive skarn are generally more calcite-rich 
and contain much less diopside and opaque grains than darker colored 
skarn. Darker varieties are a result of a fine dissemination of less 
than 0.5 mm pyrrhotite and chalcopyrite grains in the rock. Weathering 
of the sulfide/oxide component lends a distinctive red-brown stain to 
outcrops. Scheelite grains, generally less than 0.1 mm in diameter, are 
most highly concentrated in dark massive skarn, where they occur as even 
disseminations or arranged in parallel bands.

In outcrop and in drill core, massive skarn may display an even 
or very "mottled" texture. The "mottled" appearance is apparently an 
inheritance from an earlier stage where a chondrodite or forsterite + 
calcite zone developed at the metasomatic front. As vein formation 
progressed, the silicate grains in that zone were replaced with masses 
of tremolite while the calcite was replaced by diopside, tremolite, and 
opaque minerals in varying proportions. The tremolite masses now appear 
as more translucent and, thus, darker, areas in the rock causing a
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1ST

FIGURE 5. Rose diagram showing the orientation of metasomatic veins.
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FIGURE 6. A typical outcrop of massive skarn. Note the opaque banding 
in the rock next to the hammer and the "cryptic veinlet” in the lower 
part of the boulder on which the hammer is resting.
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distinctive "mottled" texture. Where metasomatic action was intense, 
the tremolite masses were replaced by diopside + tremolite leaving a 
cryptic texture that may only be recognized in thin section.

Two distinctive features are restricted to dark, mature, massive 
skarn. The first feature is the presence of cryptic, linear, light 
colored veinlets, or mottled veins. Mottled veins consist of masses of 
large grained (> 2 mm) diopside + minor calcite and rarely tremolite.
The dominant NE trend of these features suggests they represent the 
original fractures from which metasomatic veins grew and coalesced into 
massive skarn.

The other distinctive feature is the existence of parallel black 
bands defined by concentrations of the opaque minerals (pyrrhotite and 
chalcopyrite). The bands are commonly arranged sub-parallel to the 
cryptic veinlets and mottled veins mentioned above. A detailed descrip
tion of the bands is presented in Chapter 4.

Structure
Faulting is the most obvious structural phenomenon in the area 

of the septum. Numerous faults and some breccia occur at the surface, 
especially along the western contact and northern area of the septum, 
and throughout the drill core. Development of a breccia zone is common 
along a fault that truncates the septum at depth, as revealed by diamond 
drilling. The surface expression of this fault was not observed during 
mapping of the area.

Fractures in drill core are quite common; fractures in both 
massive skarn and intrusion commonly exhibit serpentine coatings and
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slickensid.es. Contacts between marble, skarn, and intrusive commonly 
exhibit signs of movement.

The style and attitude of folding in the field area is very 
similar to that described by Saleeby and others (1978) in the Kern 
Canyon roof pendant located three miles to the southwest. Mesoscopic 
and large scale folding occurs in all sedimentary rock types in the 
area. Major folds are open to tight and generally have a moderate to 
steep SSE plunge. Also present are NE-trending moderately plunging 
minor folds.

Folding within the marble septum is difficult to recognize 
because of a lack of marker horizons. The author did observe one tight 
fold in marble in the northern part of the septum. The axial trace of 
the fold trends S 25 E and plunges roughly 20 degrees southeast. The 
outcrop pattern of the marble bed located in the extreme southern area 
of the septum (see Plate 1) represents a more open SSE-trending fold.



CHAPTER 4

MINERALOGIC CHARACTERISTICS

A detailed petrographic study of skarns and associated rocks 
was undertaken to identify the mineralogy, modes, and textures of assem
blages resulting from the interaction of hydrothermal fluid and dolo
mite. Minerals were identified by their optical properties in thin and 
polished sections. Electron microprobe and x-ray diffraction analysis 
supplanted optical methods where positive optical identification was 
difficult. Alizarin red solution was used to distinguish calcite from 
dolomite in carbonate-bearing samples.

All rock types described below show at least some evidence of 
deformation. In the granodiorite, biotite cleavages and plagioclase 
twin lamellae are commonly kinked or bent; potassium feldspar and quartz 
exhibit undulatory extinction. Carbonate grains in endoskarn, marble, 
and skarn all exhibit bending of twin lamellae to some degree. Defor
mation in skarn, because of the fine grain size, is difficult to recog
nize. Where found, it is represented by bent or broken needles of

.. , ■ ■ • ■ .tremolite.

Granodiorite
The major intrusive unit in the study area is a medium-grained, 

hypidiomorphic-granular gfanpdiorite composed of plagioclase, poikilitic 
biotite and hornblende, and minor quartz and orthoclase. Plagioclase 
(to 4 mm, average 1-2 mm) is finely twinned according to the albite law;

26
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combined albite-carlsbad and pericline twinning is not uncommon.
Normally zoned plagioclase grains averaging a composition of An2& have 
twinned cores dusted with sericite, and locally epidote and calcite.
The rims are untwinned, and locally myrmekitic.

Hornblende (to 4 mm, average 2 mm) occurs as subhedral pleo- 
chroic olive green to light greenish tan grains, commonly exhibiting 
simple twinning. Hornblende is poikilitic, enclosing rounded plagio
clase, quartz, and ilmenite grains. Ilmenite is also present as very 
small rod-like blebs arranged along major cleavage directions in 
hornblende, apparently formed by exsolution of Ti.

Pleochroic light tan to dark brown biotite is intergrown with 
hornblende or occurs as subhedral to ragged poikilitic grains enclosing 
ilmenite, quartz, and apatite. Grain size averages less than 2 mm. 
Unaltered samples of granodiorite show only minor alteration of biotite 
to chlorite concentrated along cleavages. Tiny ilmenite grains observed 
in these chlorite-altered areas suggest that biotite, like hornblende, 
contained moderate amounts of Ti.

Untwinned orthoclase and quartz occur together as late 
anhedral, less than 2 mm interstitial grains.

Ilmenite (less than 0.2 mm) is the most common accessory phase 
and is replaced by sphene, especially where enclosed in quartz or 
plagioclase. Zircon (to 0.2 mm) and apatite (to 0.1 mm) are ubiquitous, 
though modally insignificant.
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Endoskarn

As the dolomite contact is approached, there is evidence of 
increased interaction with a Ca-rich hydrothermal fluid that gradually 
converted the granodiorite to endoskarn. Two different endoskarn types 
were observed in the contact zone of the granodiorite -- pyroxene- 
plagioclase endoskarn, which is volumetrically dominant, and quartz- 
sulfide-amphibole endoskarn. Pyroxene-plagioclase endoskarn is common 
to most Sierran tungsten skarns (Newberry, 1980).

Pyroxene-Plagioclase Endoskarn
Evidence of the endoskarn-forming process begins with increased 

chloritization of biotite and lesser hornblende. As endoskarn develop
ment intensifies, sericite and clay(?) alteration become more prevalent, 
and plagioclase grains become turbid. Hairline fractures become common 
and are filled with calcite, chlorite, and minor epidote.

With increasing alteration, the replacement of biotite by 
chlorite is generally complete, freeing Ti which is represented by 
scattered masses of sphene associated with chlorite. Hornblende and, 
more rarely, biotite are directly replaced by granular aggregates of 
diopsidic pyroxene. Eventually the chlorite also reacts with Ca in the 
hydrothermal fluid to form pyroxene. Quartz, and to a lesser extent 
orthoclase, content increases with increasing pyroxene formation.

With increasing proximity to the skarn contact and as pyroxene 
replacement of hornblende and biotite generally nears completion, cal
cite and epidote alteration of plagioclase becomes more common; twinning 
and zoning in plagioclase become indistinct. Plagioclase grain
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boundaries are locally corroded and plagioclase may appear as "islands" 
in optically continuous quartz. In rare instances, alteration is 
intense enough to recrystallize grains, creating a rock containing both 
highly altered and very fresh (but smaller grained) plagioclase. The 
compositions of the two plagioclase types are not significantly 
different, averaging approximately Af^.

Quartz - Sulfide-Amphibole Endoskarn
Adjacent to the contact with skarn, the quartz and sulfide 

content of the endoskarn increases dramatically. Pyrrhotite and 
subsidiary chalcopyrite may compose over 15 percent of the endoskarn. 
Pyrrhotite occurs interstitial to plagioclase, locally corroding it, and 
rarely replaces amphibole along cleavages. Chalcopyrite is concentrated 
in late fractures and as replacement rims around pyrrhotite.

Where alteration is most intense, diopsidic pyroxene has been 
replaced by actinolitic amphibole. The amphibole occurs as simply- 
twinned anhedral grains or irregular masses commonly associated with 
sphene, suggesting a replacement sequence of biotite + hornblende -> 
pyroxene -> amphibole.

Actinolitic amphibole may be replaced by quartz and/or calcite 
leaving corroded laths or needles of amphibole in a quartz or calcite 
matrix. Where the amphibole is replaced by calcite, associated sphene 
appears smaller and corroded suggesting that in this final stage of 
alteration, Ti becomes a mobile component. As will be seen later, mass 
balance calculations support this observation.
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Quartz-sulfide-amphibole endoskarn possibly represents small 

areas of very intense fluid interaction--perhaps with a higher fluid to 
rock ratio than pyroxene-plagioclase endoskarn.

Dolomite
Dolomitic marble containing only minor silica, graphite, 

apatite, phlogopite and chlorite impurities is the most abundant rock 
type in the septum. The dolomite consists of interlocking, irregularly- 
shaped grains with a mosaic or aplitic intergranular texture. The rock 
is fine to medium-grained, averaging 0.5-1.0 mm. Calcite, in all cases 
less than 1 percent of the rock, occurs along dolomite grain boundaries 
or, locally, enclosed in dolomite grains. A representative chemical 
analysis is presented in Table III.

Metasomatic Veins
A list of observed zone sequences and mineral assemblages of 

metasomatic veins is presented in Table II. Trace minerals include 
phlogopite, minor chlorite, and relict apatite. Zone boundaries are 
generally sharp, somewhat irregular, and parallel to the vein front. 
Individual zones are commonly measured on a scale of millimeters, 
excepting the diopside + tremolite + calcite zone may reach widths over 
one meter. Except for the innermost fracture filling assemblage which 
may contain quartz, the mineral assemblages are silica undersaturated.

Calcite is the dominant mineral in the calcite + brucite, 
chondrodite/forsterite + calcite, and serpentine 4- calcite zones where 

it composes over 50 volume percent. The transitions between these zones 
are generally accomplished by pseudomorphic replacement of the
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TABLE III. Chemical analyses* and bulk densities of selected rock 
types.

SAMPLE NO. FI-2 F2-152W F8-215W F3-330.5%! 7-17-1L 7 -17 -ID
FRESH FRESH GRAPHITIC BLEACHED LIGHT DARK

ROCK TYPE CD GD DOL. DOL. SKARN SKARN

Si02 59.90 57.90 0.72 1.08 54.10 51.30
a 1203 16.80 17.90 0.54 0.40 0.75 0.67
Ti02 0.83 1.00 0.03 0.00 0.00 0.00
CaO 4.99 6.14 31.20 31.10 16.90 18.40
MgO 1.89 2.35 22.30 20.70 19.60 18.50
Fe203 6.57 7.43 0.22 0.27 5.30 7.26
MnO 0.12 0.13 0.00 0.00 0.19 0.21
Na20 4.13 3.89 0.06 0.07 0.22 0.16
k 2o 2.21 1.79 0.02 0.01 0.39 0.34
p2°5 0.27 0.33 0.18 0.05 0.05 0.05
L.O.I. 1.08 0.70 44.80 46.00 1.54 1.39
TOTAL 98.79 99.56 100.07 99.68 99.04 98.28
F 520 480 400 50 0 0
Zr 260 210 0 0 0 0
DENSITY 2.74 N/D 2.85 2.86 3.09 3.22

AVG. AVG. AVG. AVG. AVG.
FRESH PYX-FLAG QTZ--SULF-AMPH LIGHT DARK

ROCK TYPE GD ENDOSKARN ENDOSKARN SKARN SKARN
Si02 58.90 55.85 54.95 51.87 50.98
Al203 17.35 17.40 18.30 0.53 0.67
Ti02 0.92 0.92 0.45 0.00 0.00
CaO 5.57 9.07 5.55 19.43 19.78
MgO 2.12 2.21 2.35 18.57 18.63
Fe203 7.00 6.05 4.75 4.36 6.50
MnO 0.13 0.11 0.06 0.15 0.20
Na20 4.01 4.50 3.30 0.18 0.14
k 2o 2.00 0.70 5.51 0.17 0.25
p2°5 0.30 0.31 0.17 0.05 0.07
L.O.I. 0.89 2.47 2.54 4.29 1.42
TOTAL 99.18 99.57 97.91 99.58 98.63
F 500 265 0 0 2525
Zr 235 250 145 0 . 0
DENSITY 2.74 2.78 2.70 3.07 . 3.21
*Oxides in weight percent, elements in ppm. Total iron as Fe^Og. 
LOI = loss mignition. Density = measured bulk density.
N/D = not determined.
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non-carbonate mineral. In subsequent zones, calcite itself is replaced 
by a combination of tremolite and/or diopside. Calcite usually composes 
no more than 5 volume percent of the subsequent zones.

Calcite +■ Brucite Zone
In a few cases, a calcite + brucite zone is the first evidence 

of mineral reaction at the vein front. Brucite occurs as scattered, 
fan-shaped masses (0.25-0.5 mm) of acicular grains, characteristic of 
the variety nemalite (Deer and others, 1966), in a xenoblastic matrix of 
calcite. This habit strongly suggests that brucite is a primary phase 
and not a retrograde alteration product of periclase. Brucite grains 
become cloudy and granular in contact with chondrodite, which replaces 
them at the rear edge of the zone.

Calcite + Chondrodite/Forsterite Zone
A calcite + chondrodite or forsterite zone is generally the 

outermost reaction zone. Chondrodite is far more common than forster

ite. As chondrodite is not a familiar mineral, a brief description is 
necessary.

Chondrodite is part of the humite homologous series of magne
sium orthosilicates. The general chemical formula for minerals in the 
series is

n[M2Si0 4 ] • M1_xTi.x(F,OH)2-2x02x
where n = 1 for norbergite, n = 2 for chondrodite, n = 3 for humite, 
n = 4 for clinohumite, and M = Mg »  Fe (Jones, Ribbe and Gibbs, 1969; 
Ribbe, 1980). The humite group minerals are most commonly found in 
regionally and contact metamorphosed silica-poor limestones and
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dolomites. Chondrodite and clinohumite are the most common minerals in 
the group, followed by humite and, finally, norbergite (Deer and others, 
1966; Rice, 1980a).

In nature only Ti-rich chondrodite and clinohumite are fluorine 
free (Ribbe, 1980). Ti-free hydroxyl chondrodite and clinohumite have 
only recently been synthesized, a process requiring high pressures 
(> 30 kb) and temperatures (> 730°C) (Yamamoto and Akimoto, 1977). 
Natural, essentially Ti-free chondrodite and clinohumite always show 
substantial replacement of the hydroxyl component by fluorine (Deer and 
others, 1966; Ribbe, 1980) as shown by analyses of chondrodites from 
metasomatic veins and skarns (see Table VII, Chapter 5). Therefore, the 
common occurrence of chondrodite in metasomatic veins suggests HF was an 
important component of the hydrothermal fluid.

The contact of the chondrodite/forsterite + calcite zone with 
dolomite is sharp and irregular to planar. Chondrodite/forsterite forms 
subequant to subhedral grains disseminated in a matrix of calcite.
Grain sizes average 0.5 mm, commonly increasing uniformly from the 
metasomatic front inward. Three different zone types were observed 
replacing the calcite + chondrodite/forsterite zone: 1) calcite +
serpentine, 2) tremolite + calcite, and 3) diopside + calcite.

Calcite + Serpentine Zone
A calcite + serpentine zone most commonly develops through 

replacement of the silicate mineral in the calcite + chondrodite/ 

forsterite zone by serpentine. Replacement is generally completed over 
a small distance (less than 0.5 mm); the zone, as a whole, is never more
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FIGURE 7. Photomicrograph of the transition Fo + Cal -> Ant + Cal -> Tr 
+ Cal. (X polars.) See Table I for abbreviations.
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than 5 mm wide (see Figure 7). Small grains of pyrrhotite are commonly 
found scattered in the serpentine masses or in calcite rimming the (
serpentine.

A serpentine +" calcite zone up to 8 mm wide may also form 
directly by replacement of dolomite at the metasomatic front. In this 
case the zone is represented by anhedral masses of serpentine in a 
xenoblastic matrix of calcite with no opaque minerals.

Serpentine replacing chondrodite/forsterite has the optical 
characteristics of antigorite: primarily, a flaky habit; anomalous
bluish interference color; and is colorless in transmitted light. 
Serpentine replacing dolomite exhibits the optical characteristics of 
chrysotile; it is light tan in transmitted light, exhibit's a brownish 
gray interference color, and has a characteristic "mesh" structure of 
intersecting, cross-fiber aggregates. These two serpentine types are 
also chemically distinctive as may be seen from analyses listed in Table 
VIII.

Tremolite + Calcite Zone
The tremolite + calcite zone forms by replacement of the cal

cite + chondrodite/forsterite or calcite + serpentine zones and is 
itself replaced by the diopside + tremolite + calcite zone. Commonly, 
tremolite + calcite composes the majority of moderately wide (less than 
20 cm) veins or, less commonly, large portions of massive skarn. Where 
replaced by the diopside + tremolite + calcite zone, this zone is gener

ally less than a few centimeters wide.
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The tremolite + calcite zone is characterized by an unoriented 

mass of tremolite laths (average 0.1 mm) with scattered subhedral 
patches of smaller-grained (less than 0.1 mm), more acicular tremolite. 
This dual habit results from the method by which the chondrodite/ 
forsterite or serpentine + calcite zone is replaced. At the zone bound
ary, the silicate grains are replaced by fine-grained, acicular tremo
lite; the calcite is replaced by larger grained, more subhedral tremo
lite. If the tremolite + calcite zone reaches any significant width, 
however, this textural difference is soon lost. Phlogopite in small 
unoriented books is common. Less common is the formation of an approx
imately monomineralic tremolite sub-zone (1-3 mm wide) at the zone 
front.

Opaque minerals are rarely found in the tremolite + calcite 
zone. In one case, minor pyrrhotite grains formed a 1 mm zone at the 
chondrodite to tremolite reaction boundary. Fe released from the break
down of chondrodite was incorporated into tremolite only in the interior 
of the zone.

Diopside + Calcite Zone

A diopside + calcite zone was rarely observed replacing the 
calcite + chondrodite/forsterite zone in early veins. Zone conversion 
is accomplished by the replacement of all chondrodite/forsterite and 
most calcite by subhedral to granular diopside.

Massive Skarn
Massive skarn is dominated by a mineralogy and habit corres

ponding with the diopside + tremolite -f calcite zone of individual
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veins. The width of this zone in veins ranges from 3 cm to over 1 
meter; as massive skarn, it may be over 10 meters wide.

The diopside + tremolite + calcite (massive skarn) zone may be 
divided on the basis of texture. One type is characterized by a very 
uniform texture; the other by a more mottled texture. Both types 
consist of essentially the same minerals although modal amounts may 
differ. Small (0.1-0.3 miri) remnant grains of authigenic apatite are 
common to both, as are usually well formed (0.2-1 mm) books of 
phlogopite.

Uniform Skarn
Uniform skarn is characterized by an aggregate of granular 

(.03-0.1 mm) to stubby, subhedral (0.1-0.4 mm) diopside grains, and 
minor tremolite (as elongate laths, 0.05-0.2 mm). Scattered throughout 
this matrix are occasional masses of larger (to 1 mm) diopside with a 
bladed, radiating, habit and polysynthetic twinning.

The transition from the tremolite + calcite zone to the uniform 
diopside + tremolite + calcite zone is gradual, over distances of 1 cm 
or more. Diopside replaces tremolite in a pseudomorphous fashion; 
bladed diopside replaces radiating patches of acicular tremolite while 
more subhedral tremolite is replaced by subhedral to granular diopside. 
Replacement of tremolite by diopside continues until diopside occupies 
70 volume percent or more of the rock. Calcite occurs interstitial to 
diopside and tremolite grains, composing less than 5 to 30 volume

percent.
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Disseminated subhedral to anhedral scheelite makes up to 1 

volume percent of the skarn; where evenly disseminated it tends to be 
associated with diopside, especially granular diopside that has 
undergone replacement by opaque minerals. Newberry (1980) suggested 
scheelite precipitates primarily in response to a local increase in the 
activity of Ca"l'+ , commonly a result of retrograde alteration of 
Ca-bearing silicates. In rocks of the present study, the coincidence of 
areas of retrograde alteration of massive skarns and larger-grained 
scheelite supports Newberry's premise.

The sulfide mineralogy of massive skarn is dominated by pyrrho- 
tite with lesser chalcopyrite and very minor sphalerite although in a 
few samples chalcopyrite dominates. Magnetite is common as a retrograde 
mineral, replacing pyrrhotite. Textures suggest pyrrhotite formed first 
and then chalcopyrite and sphalerite in apparent equilibrium with 
pyrrhotite. Sulfide and oxide minerals together rarely exceed 2 volume 
percent of the skarn.

Opaque grains usually occur at a distance up to several cm 
behind the transition from tremolite + calcite to diopside -ftremolite + 
calcite. Pyrrhotite ± chalcopyrite first appear as small (less than 
0.05 mm), rounded interstitial grains which coarsen toward vein center 
to form more irregular masses (0.1-0.5 mm in diameter). In more mature 
skarn, sulfides replace diopside and, more rarely, tremolite. The zona- 
tion of opaque minerals with respect to the first appearance of diopside 
is probably dependent on the local gradient in activities of Fe++, Cu-̂", 
and H2S in the pore fluid.
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Mottled Skarn

Mottled,skarn is characterized by a matrix of largely granular 
diopside with subordinant tremolite and minor scheelite surrounding 
irregular patches with low optical relief. These patches (to 5 mm) are 
filled with remnant chondrodite/forsterite + serpentine + tremolite 
arranged in a zoned concentric manner (see Figures 8 and 9). The small 
amount of Fe found in chondrodite/forsterite is evidently not taken into 
tremolite and serpentine. Instead, it forms small pyrrhotite + chalco- 
pyrite grains which are generally concentrated at the outside edge of 
the low relief areas. Rarely, these opaque "rings" occur at some 
distance inside the low relief areas. Opaque minerals and scheelite 
also occur in the diopside-rich matrix, where their habits are similar 
to those found in uniform skarn.

Mottled skarn apparently represents regions where chemical 
equilibrium lagged behind the rate of component advection. Although the 
occurrence of chondrodite or forsterite in massive skarn demonstrates 
the rock is in a state of overall disequilibrium, local mineral assem
blages, represented by concentrically zoned serpentine and tremolite, 
define equilibrium conditions.

Banding in Skarn
Probably the most curious and interesting feature of metasoma- 

tic rocks in the study area is the occurrence of mineral banding in 
certain parts of the diopside-tremolite-calcite massive skarn. Both 

opaque minerals and scheelite may be concentrated in bands. While only 

banding due to opaque mineral segregations is obvious in normal light,
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FIGURE 8. Whole thin section photograph of mottled skarn. Tremolite 
surrounding remnant forsterite forms the low relief areas. Opaque 
grains are concentrated at the margins of low relief areas or in the 
diopside + tremolite + calcite matrix.
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FIGURE 9. Photomicrograph of remnant chondrodite replaced by antigorite 
then tremolite in a concentric manner. (X polars.) Note the concen
tration of opaque grains at the contact of tremolite and the diopside + 
tremolite + calcite matrix. See Table I for abbreviations.
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illumination of banded samples with an ultraviolet light reveals 
spectacular banding due to segregations of scheelite (see Figures 10 and
i d .

Opaque bands contain up to 40 percent pyrrhotite + chalcopyrite 
or magnetite, as subhedral to anhedral grains up to 0.5 mm in a massive 
skarn matrix. Bands are commonly 1-2 mm wide and are arranged 3-6 mm 
apart; the region between bands is generally devoid of opaque 
grains. Scheelite bands are generally adjacent to the opaque bands, 
the edges commonly overlapping. Scheelite bands consist of concentra
tions of 0.5-1.5 mm subhedral grains in a massive skarn matrix.

The appearance, width, and spacing of these bands are similar 
to other geologic phenomena attributed to the Liesegang effect (Stern, 
1954; McBirney and Noyes, 1979). Banding was only noted in uniform 
skarn, never in mottled skarn. As the Liesegang phenomenon occurs only 
in diffusion controlled systems, the presence of banding in some uniform 
skarn suggests the formation of this skarn may have been dominated by 
the process of diffusion, rather than infiltration, metasomatism.

Vein Center Assemblages
Two major mineral assemblages occupy the centers of the meta- 

somatic veins: 1) diopside + calcite and 2) fracture filling quartz
with an actinolite + calcite selvage. These assemblages represent the 
equilibrium composition of the fluid responsible for vein formation.
Two other fracture filling assemblages were observed: 3) plagioclase +
quartz and 4) garnet + quartz + plagioclase. Textural relationships 
along the vein walls are ambiguous but suggest these latter two
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FIGURE 10. Photograph of slabbed, banded dark skarn. A. Visible 
light. B. Ultraviolet light. Note the depletion and possible 
reconcentration of scheelite adjacent to the late, light colored veinlet 
cutting banding trends in B.
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FIGURE 11. Photograph of banded, dark skarn with a mottled vein. A 
Visible light. B. Ultraviolet light. The mottled vein consists of 
diopside + calcite with minor pyrrhotite and is devoid of scheelite, 
seen in B. Curvature of opaque/scheelite bands with proximity to 
mottled veins is not uncommon.

as
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assemblages represent late cross-cutting features and not original vein
forming conduits.

Diopside + Calcite

Diopside > calcite is the most common assemblage and forms by 
replacement of the diopside + tremolite + calcite zone. There is no 
evidence for dilation of the source fracture, the trace of which is 
commonly obscured by diopside growth. Diopside occurs as large (to 1 
cm), randomly oriented grains, or radiating mats, arranged along the 
plane of the fracture. The crystals have a bladed to prismatic habit 
and exhibit distinct polysynthetic twinning. Calcite occurs as open 
space fillings. Fine tremolite may be present as a retrograde altera
tion product of diopside. The width of the central zone is generally 
less than 1 cm.

In thin section, the white "mottled" veins (see Chapter 3) seen 
cutting massive skarn closely match the above description. Many thin 
sections of massive skarn contain more or less continuous, linear trains 
of these large, bladed diopside grains. Both opaque minerals and schee- 
lite commonly exhibit approximately parallel alignment with these linear 
features. Because of the similarity to known vein center assemblages, 
these linear "trains" of diopside are assumed to represent the original 
fractures from which metasomatic veins grew and coalesced into massive 
skarn.

Quartz + Actinolite
Less commonly, metasomatic veins contain only a central zone of 

quartz. This is a true quartz "vein" in the sense that the quartz
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precipitated between dilated fracture walls. The quartz veins are 
generally less than 2 cm wide and are surrounded by a 0.5-2 cm selvage 
of actinolite + calcite. Outlines of actinolite crystals in contact 
with quartz are euhedral and show no sign of corrosion, as might be 
expected if the quartz vein was a late cross-cutting feature.

Actinolite in the selvage comprises a mass of prismatic 
crystals (to 1 cm), either unoriented or arranged sub-perpendicular to 
the quartz vein, with minor calcite as open space fillings. The selvage 
formed by replacement of the diopside + tremolite + calcite zone.

The transition from actinolite + calcite to diopside + tremo
lite + calcite is generally sharp, occurring over 5 mm or less. At the 
transition, grain size and habit of actinolite change to those of tremo
lite in normal tremolite-rich skarn, and there is a gradual change in 
amphibole color from green to colorless. Within a few millimeters of 
the last occurrence of actinolite, granular to subhedral diopside 
appears, completing the transition. Opaque minerals are not present in 
the actinolite + calcite selvage but first appear just outside the last 
occurrence of actinolite.

Scheelite is present locally in the actinolite selvage, in some 
cases forming euhedral crystals up to 1 cm. In other cases, it commonly 
appears outside the selvage a few millimeters beyond the first appear
ance of diopside.

Mechanism of Formation
The question arises as to why quartz occurs only in a minority 

of metasomatic veins. One possibility relates to the degree of dilation
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of the original fractures. Mineral textures along the quartz - filled 
fractures suggest that dissolution of vein wall material has not occur
red but that quartz was deposited in an open fracture. Diopside + 
calcite found at vein centers, though, exhibits textures suggestive of 
replacement of earlier formed assemblages which implies narrow 
fractures.

The initial conduit for metasomatic fluid is only readily 
visible in immature veins, that is, those veins with only a single zone 
(e.g., forsterite + calcite). Here the fluid conduit is represented by 
one or more hairline fractures or a narrow crushed or deformed zone of 
calcite. This narrow conduit may have effectively impeded flow of the 
metasomatic fluid, restricting the flux of Si02 and Fe++. Concentrations 
of these components high enough to allow quartz and actinolite to form 
may only have been realized in fractures that were initially open or 
opened at some later time.

One other explanation for quartz deposition at vein centers 
should be noted. Metasomatic veins with quartz cores mainly occur in 
the northern portion of the septum where granodiorite is known to exist 
at shallow depths. It is possible that.the physicochemical regime 
necessary to keep fractures open and for allowing quartz saturation was 
only realized in close proximity to the intrusion. Quartz-bearing veins 
are generally late features (from cross-cutting relationships) which 
suggests that the necessary temperature, pressure, and fluid composition 
requirements for their formation were met only during the later stages• 

of skarn formation.
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Retrograde Alteration

All metasomatic veins and massive skarn exhibit some evidence 
of retrograde alteration, albeit very minor. The replacement of diop- 
side by tremolite and lesser serpentine is the most obvious evidence of 
retrograde alteration. This effect is seen in all massive skarn and 
many metasomatic veins. Larger, bladed to subhedral diopside appears to 
alter more easily than the granular forms. Chondrodite and forsterite 
both show minor serpentine alteration along irregular fractures where 
they have not been replaced by prograde serpentine or tremolite. Chon
drodite may also exhibit minor tremolite alteration along cleavages and 
traces of twin planes.

Late (less than 0.5 mm wide) fractures cutting skarn are com
mon. These fractures generally contain serpentine -f calcite + magnetite 
or calcite only. Rarely, small pyrite cubes are observed in calcite 
fracture fillings. Alteration adjacent to these fractures is minor and 
generally restricted to serpentine and magnetite replacement of diop
side.

Pyrrhotite exhibits minor to major replacement by magnetite in 
the skarns. Most magnetite grains contain rounded remnants of pyrrho
tite and chalcopyrite as evidence of their secondary origin. In many 
areas of massive skarn, pyrrhotite is almost completely replaced by 
magnetite.

The majority of occurrences of talc in rocks of the septum are 
related to retrograde alteration of tremolite. Zones containing 

tremolite + calcite are substantially more affected by talc alteration; 
tremolite in massive skarn appears to be unaffected.



CHAPTER 5

MINERAL CHEMISTRY

The chemical compositions of the major minerals in metasomatic 
veins, skarns and dolomite were determined with an ARL/SEMQ electron 
microprobe located at the Lunar and Planetary Lab, University of 
Arizona. Analyzed well-known natural and synthetic compounds were used 
as standards. Data reduction was performed with a Bence and Albee
(1968) empirical correction procedure. Selected analyses and structural 
formulas for dolomite, calcite, forsterite, brucite, chondrodite, 
serpentine, tremolite and diopside are given in Tables V through X. 
Tables VI through X give atomic proportions of Mg relative to the sum of 
Mg, Fe, and Mn [ e. g. , X^g = Mg atoms/(Mg *f Fe 4- Mn) atoms]. In all 
silicate analyses total iron is expressed as FeO.

Inspection of the F/(F + OH) ratios in Tables VI through IX 
indicates that fluorine was an important constituent of brucite and 
chondrodite and to a lesser extent tremolite and serpentine. Hydroxyl 
contents of brucite and tremolite were calculated assuming OH + F = 2 
and for serpentine assuming OH + F = 8. The hydroxyl content of chon
drodite was calculated using the procedure of Jones, Ribbe, and Gibbs
(1969) .

Over the compositional range represented by the vein and skarn 

minerals, the order of preference for Fe relative to Mg and Mn is: 
diopside > tremolite ~ serpentine > chondrodite ~ forsterite > brucite >

49
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calcite. This order of preference closely mimics the arrangement of 
mineral zones in metasomatic veins. The partitioning of Fe among miner
als, therefore, reflects the activity gradient of Fe which results from 
the increasing incorporation of Fe into the silicate and sulfide phases 
as the original fracture is approached.

The order of preference of F relative to OH in hydroxyl-bearing 
minerals from the study area is: chondrodite > brucite »  tremolite > 
serpentine. This order does not match as well the zonal arrangement of 
hydroxyl-bearing minerals but more closely matches the equilibrium 
partitioning order outlined by Duffy and Greenwood (1979) , Moore and 
Kerrick (1976) and Rice (1980a, b). The tendency toward equilibrium 
partitioning suggests that the gradients of fHp in pore fluids is much 
less than the gradients of Si and Fe activities.

Minerals, chemical formulas, and abbreviations used in the text 
and diagrams are listed in Table I. Table IV lists the appropriate 
activity-composition relations and calculated activities for selected 
minerals employed in adjusting stability boundaries on thermodynamic 
phase diagrams.

Calcite
The atomic proportions of FeCOg and MnCO^ in calcites from the 

study area are very minor (Table V). The calcites may be considered as 
strictly CaCOg-MgCOg solid solutions when considering activity- 
composition relationships. The data of Gordon and Greenwood (1970) 
clearly show that the composition of dolomite along the solvus departs 
negligibly from XMgCOg =0.5, so that the activity of dolomite in
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TABLE IV. Chemical formulas, abbreviations, activity-composition relations, source,  ̂ and calculated 
activities for selected s k a m  and metasomatic vein minerals.

Mineral Ideal Formula Activity-Composition Relation Source Activity

Brucite Mg (OH)2 2rT ln aOH-Br = RT Ln XOH-Br + XFWOH=F a 0.59

Chondrodite Mg5Sl408 (0H)2 ’ 2RT In a0H„Con - RT In +

XF^WOH + 2(WF * WOH)XOH^ a 0.38

Antigorite M848Si34°85^OH^62 aOH-Ant = b 0.04

Forsterite Mg2SiOA = %Mg b,c 0.97

Tremolite Ca2Mg5Sig0'22(0H)2 aOH-Tr = XMgXOH b- 0.67

Diopside CaMgSi206 =01 = ^Mg b,d 0.83

1. The activity composition relations shown above are derived from the following: 

a Duffy & Greenwood (1979)

b Equations (46) through (48) of Helges'on and others (1978) which are consistent with random mixing 
and equal interaction of atoms on energetically equivalent sites.

c Bradley (1962)

d Wood (1976)

2. The W's in the above activity expressions are Margules parameters (Thompson, 1967) used in 
calculating the excess mixing properties of the (OH-F) binary solutions. As determined by Duffy & 
Greenwood (1979) for brucite and chondrodite, W ^  = -8,396 cal mole ^; W ^  ^on = -14,125 
cal mole Wq Con = -5,154 cal mole



Table V. Selected microprobe analyses of calclte and dolomite adjacent to metasomat1c veins.

Dolomite Calclte

7-16-3/2 F8-2/30 7-16-3/1 7-16-3/5 7-16-3/8 F7-12A/1 Fl-8/5 Fl-8/8 >8-2/9 F8-2/14 F1-4B/3 F1-4B/8

CaO 31.37 30.49 : 54.43 55.94 54.28 54.96 54.05 53.96 55.32 55.10 ; 54.16 54.75
MgO 21.33 21.28 1.31 0.51 1.63 0.60 0.91 1.49 0.31 0.85 0.82 0.57
FeO 0.12 0.03 0.00 0.00 0.11 0.00 0.20 0.62 ' 0.00 0.02 0.27 0.05
MnO 0.00 0.00 0.00 0.00 0.00 0.05 0.09 0.11 0.02 0.06 0.06 0.07

TOTAL 52.82 51.80 55.74 56.45 56.02 55.61 55.25 56.18 55.65 , 56.03 55.31 55.44

Carbonate equivalents In moIX

CaC03 51.72 50.20 96.65 99.64 96.29 97.87 96.18 95.90 98.62 98.03 ' 96.42 97.52
MgC03 48.93 48.75 3.24 1.26 4.02 1.49 2.25 3.68 0.77 2.10 2.03 1.41
FeC03 0.15 0.04 0.00 0.00 0.15 0.00 0.28 0.86 0.00 0.03 0.38 0:07
MnC03 0.00 0.00 0.00 0.00 0.00 0.07 0.13 0.15 0.03 0.08 0.08 0.10

TOTAL 100.80 98,9.8 99.89 100.91 100.46 99.4 3 98.84 100.60 99.41 100.25 98.91 99.10

XCaC03 0.513 0.507 0.968 0.987 0.958 0.984 0.973 0.953 0.992 0.9 78 0.975 0.984

XMGC03 0.485 0.4 92 0.032 0.013 0.040 0.015 0.023 0.037 0.008 0.021 0.021 0.014
T°C,V 443 306 489 331 410 510 268 379 399 333

Calculated temperature of equilibration based on the MgC03 content of calclte in equilibrium with dolomite employing the equation
of Walt her and Helgeson (1980).
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equilibrium with calcite can be taken as unity. Walther and Helgeson 
(1983) also demonstrated that the compositional variation of calcite 
below 600°C affects equilibrium temperatures by less than 1.5°C/mole of 
calcite and dolomite in the reaction. Therefore, the activities of 
calcite and dolomite can be considered unity without serious effect on 
mineral stability relations.

Thermometry
The composition of calcite in equilibrium with dolomite is 

uniquely determined by the temperature -dependent (and to a minor extent
pressure-dependent) miscibility gap between these two minerals. There -

. , '/ ‘
fore, the mole percent of MgCOg in calcite in contact with dolomite can 
be used to estimate the temperature of equilibration.

The equation used to calculate temperatures of equilibration 
shown in Figures 12 and 13 and Table V is that given by Walther and 
Helgeson (1980) which is strictly valid only for pressures around 2 kb. 
This equation was generated by regression analysis of the experimental 
data of Graf and Goldsmith (1958) and Goldsmith and Newton (1969). The 
equation for calculation of temperature given by Rice (1977a) consis
tently gave higher temperatures than the Walther and Helgeson equation, 
ranging from 15 percent at 300°C to 2 percent at 500°C .

Several recent papers (e.g., Rice, 1977b; Bucher-Nurminen, 
1981; Suzuki, 1977; and Walther, 1983) have successfully employed 
calcite-dolomite geothermometry to determine temperatures of mineral 
formation in contact metamorphic environments. The above authors and
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FIGURE 12. Separate and combined calculated equilibrium temperatures of 
magnesian calcites from three metasomatic veins. Analyses are from 
calcite grains surrounded by dolomite located 5-30 mm from the 
metasomatic front.
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FIGURE 13. Calculated equilibrium temperatures of magnesian calcites 
from two traverses of a zoned metasomatic vein.
A) Calculated temperatures along a 5 mm traverse oriented perpendicular 

to vein strike, from just inside the metasomatic front to vein 
center.

B) Calculated temperatures of calcite in contact with dolomite along a 
4 mm traverse parallel to and just inside the metasomatic front.
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others have noted that inconsistent results often arise from the ability 
of magnesian calcite to exsolve dolomite upon cooling after initial 
formation. This process decreases the magnesium concentration in 
calcite and, as a result, gives erroneously low calculated temperatures. 
Widening the electron beam and analyzing overlapping areas of calcite 
grains reduces errors brought about by dolomite exsolution.

Temperatures for analyzed calcites are given in Figures 12 and 
13. Most of the analyses yield apparently low temperatures of formation 
compared to estimated formation temperatures based upon mineralogic and 
thermodynamic constraints (see Chapter 7). Although no exsolution 
lamellae were observed in calcite grains, "there is indirect evidence of 
submicroscopic exsolutions in apparently homogenous, low-temperature 
calcites" (Essene, 1983). A widened electron beam was not used when 
analyzing the calcite grains and many of the analyses evidently failed 
to detect exsolved dolomite. As a result, the maximum calculated temp
erature, rather than the average, should be accepted for the best con
straints on temperatures of formation.

Figure 12 represents thermometry data from three early-formed 
veins. The temperatures represented in the figure were determined from 
analyses of calcite grains surrounded by a dolomite located 5 to 30 mm 
from the metasomatic front-. It must be noted that disseminated calcite 
grains such as these were rarely observed in dolomite adjacent to veins, 
making accurate thermometry data difficult to acquire. The maximum 
calculated temperature for these veins is around 500°C which is in good 
agreement with the stability requirements of the phases present.
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Figure 13 represents calculated temperatures from calcites 

along two traverses of a metasomatic vein. Figure 13A represents 
analyses of calcites not in contact with dolomite and runs perpendicular 
to the vein, from just inside the metasomatic front to vein center. 
Figure 13B represents calculated temperatures from a traverse--parallel 
to the vein front--of calcites at the dolomite-calcite contact, that is, 
just inside the metasomatic front. Again, most calculated temperatures 
are low, generally less than 400°C , compared to the estimated tempera
ture of formation (> 435°C) from equilibrium constraints. The maximum 
calculated temperature for both traverses is around 450°C which is 
within the range of the estimated temperature of formation for the vein.

In the above sample, the MgCO^ content of calcite not in con
tact with dolomite shows no systematic control, but is apparently deter
mined by the externally controlled activity of MgCOg brought about by 
the open nature of the vein-forming system. This external control of 
activity evidently continues to at least as far as the metasomatic 
front. Most calculated temperatures from calcite in contact with dolo
mite just inside the metasomatic front are below 400°C, and many are 
below 300°C, compared with no sub-300°C and many temperatures greater 
than 400°C from calcites outside the metasomatic front in the samples 
represented in Figure 12. This evidence suggests that anomalously low 
calculated temperatures from calcite at the metasomatic front were not a 
result of dolomite exsolution but of external control of component 
activity. Therefore, it appears that reliable temperature 
determinations employing calcite-dolomite geothermometry are only 
obtainable from isolated calcite grains in massive dolomite outside the
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metasomatic front. Many samples of vein front assemblages lack calcite 
of this nature, making temperature determinations difficult.

Brucite
Brucite was observed in only two specimens where it occurs as 

the first-formed reaction mineral at the metasomatic front. Representa
tive analyses are listed in Table VI.

The analyses show that Fe is a trivial, almost trace component. 
The only significant departure from stoichiometry in the analyzed 
brucites is the substitution of F for OH. Because fluorine is strongly 
partitioned into brucite, an applicable activity-composition relation 
must be used to properly portray brucite as an end member thermodynamic 
component (see Table IV).

Forsterite
Analyses of olivines from the study area (Table VI) show that 

their compositions approach that of end member forsterite, and that only 
iron substitutes in any substantial quantity. The atomic fraction of Mg 
in olivines ranges from 0.91 to 0.99 and averages 0.97. The activity- 
composition relation for forsterite is presented in Table IV.

" Chondrodite
The compositional characteristics of selected analyzed chondro- 

dites are given in Table VII. The mole fraction of Mg-component in all 
analyzed chondrodites ranges from 0.94 to 0.99, averaging 0.98. The FeO 
content is generally low; but not insignificant. In contrast, fluorine 
content is generally high, ranging from Xp = 0.22 to 0.44, averaging



Bruclte Forsterite

Table VI. Selected microprobe analyses and chemical formulas of bruclte and
forsterite from metasomatic veins and massive skarn.

F1-4B/13 F1-4B/15 7-16-3/2 F8-2/1B F7-10A/1 F7-10A/4 F7-10A/9

St02 n.a. 40.68 41.87 41.40 41.62 41.39
MgO 66.79 67.08 50.87 55.57 55.79 56.35 55.04
FeO* 0.16 0.17 8.37 0.94 2.92 2.43 3.44
MnO 0.00 0.02 0.25 0.10 0.20 0.08 0.13
CaO 0.96 0.09 0.00 0.02 0.01 0.02 0.02
F 11.28 9.86 n.a. n.a.

H20@ 24.82 25.35 n.a. n.a.

TOTAL 99.26 98.42 100.17 98.50 100.32 100.50 100.02

Chemical Formula

Si 0.990 1.000 0.982 0.983 0.987
Mg 0.988 0.997 1.845 1.978 1.973 1.984 1.955
Fe 0.001 0.001 0.170 0.019 0.058 0.048 0.069
Mn 0.000 0.000 0.005 0.002 0.004 0.002 0.003
Ca 0.010 0.001 0.000 0.001 0.000 0.001 0.001
F 0.354 0.311
OH 1.646 1.689

0.999 0.998 0.913 0.990 0.970 0.976 0.965
xF 0.177 0.156

n.a. = not analyzed; Total iron calculated as FeO; Bruclte chemical formula 
based on 2(0,OH,F); Forsterite chemical formula based on 6 oxygens; ^Calculated 
stoichiometric H^O.



Table V I I . Selected microprobe analyses and chemical formulas of chondrodlte from metasomatic veins and massive s k a m .

Fl-8/1 F1-8/7A Fl-8/6 Fl-12/3 Fl-12/5 Fl-12/9 Fl-12/11 Fl-12/12 Fl-12/14 Fl-12/17 7-13-3/A F1-4B/9 F1-4B/8

S1°2 33.97 36.86 34.59 35.23 35.20 35.39. 35.56 34.97 35.06 35.28 35.53 33.69 34.75
T102 0.01 0.01 0.04 0.00 0.01 0.03 0.04 0.00 0.00 0.05 0.00 0.02 0.00
MgO 57.37 55.08 55.90 58.81 58.96 56.01 58.11 57.48 56.85 57.25 58.14 54.82 53.61
FeO* 2.97 2.94 2.45 1.27 0.94 4.28 1.11 1.94 3.09 2.00 0.65 4.43 5.67
MnO 0.12 0.08 0.08 0.02 0.01 0.12 0.04 0.09 0.13 0.13 0.00 0.14 0,18
CaO 0.32 0.01 0.65 0.00 0.00 0.01 0.02 0.00 0.03 0.00 0.01 0.03 0.10
F 2.91 2.31 3.36 4.04 4.24 3.26 3.32 4.33 2.95 4.62 3.34 3.18 2.35
OH** 7.40 7:51 6.73 6.4 3 6.24 6.94 6.93 6.01 7.26 5.71 6.88 6.83 7.50

TOTAL6 100.36 100.29 99.22 101.07 100.88 101.40 100.47 100.17 100.71 100.41 99.91 98.59 99.64

Chemical formula based on 10 (0,0H,F)

Si 1.952 2.103 2.004 1.991 1.991 2.018 2.017 2.001 2.003 2.015 2.022 1.981 2.028
T1 0.000 0.000 0.002 0.000 0.000 0.001 0.002 0.000 0.000 0.002 0.000 0.001 0.000
Mg 4.912 4.683 4.828 4.954 4.970 4.759 4.913 4.901 4.840 4.872 4.932 4.804 4.662
Fe 0.143 0.140 0.119 0.060 0.044 0.204 0.053 0.093 0.148 0.096 0.031 0.218 0.277
Mn 0.006 0.004 0.004 0.001 0.000 0.006 0.002 0.004 0.006 0.006 0.000 0.007 0.009
Ca 0.020 , 0.001 0.040 0.000 0.000 0.001 0.001 0.000 0.002 0.000 0.001 0.002 0.006
F 0.529 0.417 0.616 0.722 0.758 0.588 0.596 0.784 0.533 0.834 0.601 0.591 0.434
OH 1.503 1.514 1.378 1.284 1.247 1.398 1.389 1.216 1.465 1.152 1.384 1.420 1.548

XMg 0.967 0.970 0.967 0.988 0.991 0.958 0.989 0.981 0.969 0.980 0.994 0.955 0.941
xF 0.260 0.216 0.309 0.360 0.378 0.296 0.300 0.392 0.267 0.420 0.303 0.294 0.219

Total iron calculated as FeO; **0H calculated from the relationship OH = (2/[2n + i])MTi - 2T1 - F (Jones and others, 1969)
where n = 2 for chondrodlte; Is the sum of the atomic proportions of all octahedral cations; T1 and F are atomic
proportions of titanium and fluorine, respectively; ^Total less oxygen equivalency for F and OH. O nO
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0.32. Concentrations of TiC^, MnO, and CaO are universally low and, as 
such, should have no great effect on mineral stability.

Gibbs and others (1970) have shown that Fe is preferentially 
partitioned into the M(l) site in chondrodite. The author is unaware of 
a thermodynamic model providing for substitutional order/disorder in 
chondrodite binary Mg-Fe solutions that would allow provision for this 
non-ideal behavior. Therefore, Fe substitution in chondrodites will be 
treated as an ideal mixing phenomenon.

The analyses show that chondrodites may be treated as combined 
(Mg-Fe) and (OH-F) binary crystalline solutions. An appropriate 
activity-composition relation is shown in Table IV.

Serpentine
Two varieties of serpentine--chrysotile and antigorite--were 

observed in metasomatic veins; representative analyses of each type are 
listed in Table VIII. An activity-composition relation is listed in 
Table IV.

Helgeson and others (1978) suggested that stoichiometric chrys
otile is metastable with respect to antigorite at all pressures and 
temperatures. However, they also stated that an approximate reduction 
of only 500 cal mole in the AGf of chrysotile would stabilize this phase 
over antigorite in typical reactions. Consequently, minor deviations 
from stoichiometric composition in natural chrysotile could stabilize 
this phase over antigorite.

Roy and Roy,(1957) and Cillery (1959), in studies of synthetic 
serpentine, found that the fibrous chrysotile structure only formed in



Table VIII. Selected microprobe analyses and chemical formulas of chirysotlie and
antigorite from metasomatic veins.

Chrysotile Antigorite
Fl-12/7 F8-1/1 F8-2/A Fl-8/5 ]F7-10A/7 F1-4A/7 F1-4B/1

S102 46.67 47.92 43.17 43.86 44.27 43.21 44.25

AL2°3 0.05 0.04 0.04 0.10 0.00 0.55 0.33
MgO 38.34 33.22 41.72 40.77 39.33 39.87 38.79
FeO* 2.51 6.37 0.65 1 47 2.64 2.25 1.87
MnO 0.03 0.07 0.00 0.00 0.17 0.16 0.11
F 0.89 0.68 0.15 0.64 0.20 0.64 0.75
h2o “ 12.65 12.58 12,69 12.53 12.70 . 12.43 12.36

Total6 100.76 100.60

Chemical

98.36 

formula based

99.10

on 14 (0,OH

99.23

,F)

98.85 98.14

Si 4.279 4.449 4.053 4.097 4.146 4.065 4.170
A1 0.005 0.004 0.004 0.011 0.000 0.061 0.037
Mg 5.239 . 4.596 5.837 5.675 5.489 5.589 5.448
Fe 0.192 0.495 0.051 0.115 0.207 0.177 0.147
Mn 0.002 0.006 0.000 0.000 0.013 0.013 0.009
F 0.258 0.200 0.045 0.189 0.059 0.190 0.224
OH 7.742 7.800 7.955 7.811 7.941 7.810 7.776

0.964 0.902 0.991 0.980 0.961 0.967 0.972

XF 0.032 0.025 0.006 0.024 0.007 0.024 0.028

Total iron as FeO; Calculated stoichiometric H^O; ^Total less oxygen 
equivalency of fluorine.



Table IX. Selected microprobe analyses and chemical formulas of tremollte and actinplite from metasomatlc veins and massive s k a m .

F7-10A/7 F7-10A/5 F1-4A/1R F1-4A/5 F1-4B/6R 7-13-3/1 7-13-3/5 7-13-3/9R F3-4/8 F8-1/3 F9-17/7A F9-17/8A F9-17/10 F9-17/13R

S1°2 57.74 58.85 59.17 58.74 58.23 58.82 56.57 58.78 59.09 58.82 54.50 54.71 57.53 58.34
A12°3 0.49 0.40 0.36 0.24 0.14 0.20 0.44 0.37 0.24 0.14 1.93 1.31 0.37 0.19
MgO 23.40 24.67 21.70 23.15 23.69 24.02 21.15 23.78 23.40 24.52 15.43 15.69 21.22 22.54
FeO* 2.86 1.94 2.39 2.17 2.52 1.72 7.00 0.96 1.40 0.94 13.13 12.37 4.16 3.38
MnO 0.10 0.11 0.07 - 0.07 0.12 0.12 0.26 0.12 0.00 0.15 0.45 0.36 0.10 0.11
CaO 13.50 13.16 12.45 13.55 13.21 13.58 13.34 13.85 13.69 13.77 12.72 12.82 13.60 13.39
Na2° 0.12 0.03 0.10 0.14 0.00 0.07 0.09 0.13 0.07 0.05 0.18 0.20 0.07 0.05
K20 0.10 0.12 0.16 0.10 0.00 0.0.7 0.09 0.06 0.07 0.02 0.14 0.08 0.07 0.07
F 0.22 0.07 0.24 0.20 0.27 0.50 0.34 0.38 0.14 0.26 0.25 0.03 0.32 0.28
h 2o *a 2.09 2.20 2.06 2.11 2.07 1.98 2.00 2.03 2.14 2.09 1.97 2.07 2.01 2.05

Total6 100.53 101.52 98.60 100.38 100.13 100.87 101.14 100.30 100.18 100.65 100.60 99.62 99.31 100.29 -

Chemical formula based on 23 (0,0H ,F)

Si 7.889 7.911 8.153 7.994 7.954 7.958 7.840 7.973 8.021 7.951 7.802 7.877 7.991 7.989
A1 0.079 0.063 0.058 0.038 0.023 0.032 0.072 0.059 0.038 0.022 0.326 0.222 0.061 0.031
Mg 4.765 4.942 4.456 4.695 4.823 4.843 4.369 4.807 4.734 4.939 3.292 3.367 4.393 4.600
Fe 0.327 0.218 0.275 0.247 0.288 0.195 0.811 0.109 0.159 0.106 1.572 1.489 0.483 0.387
Mn 0.012 0.013 0.008 0.008 0.014 0.014 0.031 0.014 0.000 0.017 0.055 0.044 0.012 0.013
Ca 1.976 1.896 1.838 1.976 1.933 1.969 1.981 2.013 1.991 1.994 1.951 1.978 2.024 1.965
Na 0.032 0.008 0.027 0.037 0.000 0.018 0.024 0.034 0.018 0.013 0.050 0.056 0.019 0.013
K ■ 0.017 0.021 0.028 0.017 0.000 0.012 0.016 0.010 0.012 0.003 0.026 0.015 0.012 0.012
F 0.095 0.030 0.105 0.086 0.117 0.214 0.149 0.163 0.060 0.111 0.113 0.014 0.141 0.121
OH 1.905 1.970 1.895 1.914 1.883 1.786 1.851 1.837 1.940 1.889 1.887 1.986 1.859 1.879

* * 0.934 0.955 0.940 0.948 0.941 0.959 0.838 0.975 0.968 0.976 0.669 0.687 0.899 0.920
XF 0.048 0.015 0.052 0.043 0.058 0.107 0.075 0.082 0.030 0.056 0.057 0.007 0.070 0.061

*Total iron calculated as FeO; **Calculated stoichiometric H^O; 6Total less oxygen equivalency of fluorine.
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nearly pure, stoichiometric serpentine. The presence of as little as 1 
mole, percent Al caused the formation of the platy structure character
istic of antigorite. Roy and Roy also noted that the formation of 
fibrous structure was enhanced in NaCl-bearing solutions and if experi
mental runs were of short duration. This last observation suggests that 
reaction kinetics may also play an important role in determining struc
ture. Metastable stoichiometric chrysotile may persist if kinetics 
under local conditions inhibit its breakdown.

The analyses in Table VIII show that both chrysotile and 
antigorite contain very little Al. Serpentines with higher Al contents 
are consistently antigorite while those with lower Al contents may be 
either chrysotile or antigorite. Chrysotiles average a higher Fe 
content than antigorites- - the X^g for antigorite averages 0.97; for 
chrysotile and antigorite, combined, averages 0.94. The mole fraction 
of fluorine for both serpentine types is low, averaging 0.02.

The most noticeable feature of both chrysotile and antigorite 
analyses is an excess of silica beyond that required to fill the tetra
hedral sites. Deer and others (1962) noted that natural serpentine 
commonly has a higher Si:Mg ratio than ideal serpentine. As can be seen 
from the analyses in Table VIII, chrysotile from the study area has more 
excess silica than antigorite.

As discussed above, departure from ideal chemistry, especially 
the addition of Al, is a probable cause for the formation of the anti
gorite structure in serpentine. Another, and possibly more important 
factor, is the presence of silica in amounts exceeding that needed to 
fill the tetrahedral sites in serpentine. Nelson and Roy (1958) and Roy



65
and Roy (1957) have pointed out that it is the "misfit" of the brucite 
and silica layers in ideal serpentine that causes the curved, tubular 
chrysotile structure. It is the simultaneous substitution of Al into 
these layers, contracting the brucite layer and expanding the silica 
layer, that eliminates any tendency to curvature due to misfit. Com
plete replacement of 3Mg^+ by 2A1^+ in the brucite layer again increases 
misfit but in the opposite direction (e.g., concave to convex). It is 
possible that substitution of significant amounts of Si^+ , instead of 
Al^+ , into the brucite layer helps create this type of misfit and may be 
the dominant factor in determining whether chrysotile or antigorite form 
in metasomatic veins.

Tremolite
As can be seen from the analyses listed in Table IX, amphiboles 

from massive skarn and metasomatic veins are almost completely free of 
aluminum and, excepting minor occurrences of actinolite, are extremely 
Fe-poor. In fact, all amphiboles except those from actinolite selvages 
around quartz + plagioclase veins may be called tremolite in the strict
est sense of the name where Mg/(Mg + Fe) >0.9 and Si (per formula unit) 
> 7.50 (classification scheme of Leake, 1978). The average X^g for all 
analyzed amphiboles, excluding actinolites, is 0.95. Alkalies also 
substitute into the structure but in extremely minor amounts. In addi
tion to Fe, the only other significant substitution in amphiboles is 
fluorine for hydroxyl; tremolites contain an average of 0.07 mole frac

tion fluorine in their structure.
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In light of the above observations, analyzed tremolites may 

suitably be described as combined tremolite-ferrotremolite and OH-trem- 
olite - F-tremolite solid solutions. The appropriate activity- 
composition relation is presented in Table IV.

Retrograde tremolites forming from diopside at metasomatic vein 
centers are designated with the suffix (R) in Table IX. These analyses 
do not differ significantly from those of prograde tremolites. Analysis 
7-13-3/9R (from vein center) does show, however, a dramatic decrease in 
Fe content compared with an analysis (7-13-3/5) from just outside the 
vein center assemblage in the Di + Tr + Cal zone (see Figure 14). The 
composition of this retrograde tremolite reflects that of the large, 
bladed and apparently late-formed diopside it replaces. These late- 
formed diopsides also have very low X^g and XAp values (see Table X, 
analyses 7-13-3/1 and F7-10A/2). The modal increases in calcite in 
sympathy with retrograde tremolite formation suggest the reaction 

Di + 0.2H20 + 0.312C02 = 0.2Tr + 0.312Cal + 6.4Si02(aq) + 6.288CaO 
which has been balanced to reflect the modal ratios at vein center 
assuming constant volume replacement. Apparently, the hydrothermal 
fluids responsible for late retrograde alteration were less Fe-rich than 
earlier main-stage fluids. The concentration of F and Al in the fluid, 
though, do not appear to have significantly changed (see Figure 14 and 
Table IX).

As discussed earlier, only amphiboles associated with late 
quartz + feldspar vein formation may truly be classified as actinolite. 
Analyses from Table IX designated F9-17/7A-8A are from a narrow, 2.5-5 
mm wide, actinolite selvage which formed adjacent to a 2-3 cm wide
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VEIN 7-13-3
Tr+CalDi+Tr

±Tr
Con+Cal

DIST. FROM VEIN CENTER (mm)
□  A1203 x 10 + FeO A F  x 10

FIGURE 14. FeO, AlgOg, and F concentration changes in tremolites across 
vein 7-13-3. Inner zone is a Di + Cal vein center assemblage containing 
retrograde tremolite:



Table X. Selected microprobe analyses of diopside from metasomatic veins and massive s k a m .

Bladed Subhedral Granular
F7-10A/2 7-13-3/1 F1-4A/3 F3-4/9 F7-10A/10 7-13-3/3 F1-4A/6 F19-7/12 F7-10A/11 F7-10A/3 F7-10A/8

Si02 55.38 54.75 55.53 55.42 53.84 53.38 53.97 53.66 52.46 52.99 52.71

A12°3 0.04 0.19 0.43 0.05 0.22 0.14 0.00 0.41 0.19 0.12 0.28
Ti02 0.08 0.00 0.00 0.06 0.03 • 0.01 0.00 0.00 0.06 0.02 0.00
MgO 18.83 18.85 17.09 18.33 16.01 14.55 15.10 15.76 11.42 10.70 11.06
FeO* 0.61 0.52 2.52 1.21 4.80 6.09 5.69 4.56 11.20 12.03 11.39
MnO 0.05 0.09 0.12 0.00 0.15 0.22 0.30 0.40 0.33 0.55 0.61
CaO 25.84 25.11 25.23 25.71 25.99 25.44 25.05 25.24 24.69 23.29 24.05

Total 100.83 99.51 100.92 100.78 101.04 99.83 100.11 100.03 100.35 99.70 100.10/

Chemical formula based on 6 oxygens

Si 1.987 1.987 2.001 1.992 1.970 1.986 1.995 1.978 1.986 2.017 1.999
A1 0.001 0.004 0.009 0.001 0.005 0.003 0.000 0.009 0.004 0.003 0.006
Ti 0.002 0.000 0.000 0.002 0.001 0.000 0.000 0.000 0.002 0.001 0.000
Mg 1.035 1.036 0.939 1.007 0.880 0.800 0.830 0.866 0.628 0.588 0.608
Fe 0.019 0.016 0.078 0.037 0.148 0.188 0.175 0.141 0.345 0.371 0.351
Mn 0.002 0.003 0.004 0.000 0.005 0.007 0.009 0.012 0.010 0.017 0.019
Ca 1.021 0.992 0.997 1.016 1.027 1.005 0.990 0.997 0.975 0.920 0.950

0.981 0.982 0.920 0.964 0.852 0.804 0.818 0.850 0.638 0.602 0.621

Total iron as FeO.
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plagioclase + quartz vein. These analyses show significant Fe and A1 
enrichment compared with more normal tremolites. Analyses F9-17/10 and 
F9-17/13R are from tremolites just outside, and approximately 5 mm away 
from, the outer edge of the actinolite selvage, respectively. These 
tremolites show a decrease in both Fe and Al with distance from the 
vein. Amphiboles associated with the actinolite selvage show a good 
correlation between Fe and Al concentration; the amount of substitution 
of Fe for Mg increases with increasing in the solid solution. This
type of correlation is also seen in tremolites of the metasomatic vein 
presented in Figure 14.

Diopside
Selected representative analyses of diopsides (listed in Table 

X) have been grouped according to grain habit or morphology. While iron 
content can be significant and show wide variation in diopside, Al 
content remains very low, consistently less than 0.01 atoms per formula 
unit. The concentration of Al in diopside does not show any correlation 
with grain morphology or Fe content--bladed diopside contains both the 
highest and lowest concentrations of Al recorded. This is in contrast 
to the correlation between Fe and Al in tremolite discussed earlier.

As seen in the Table X, the Fe content of diopside strongly 
affects its habit. Bladed diopside is uniformly Fe-poor, averaging 
XMg = 0.96.Subhedral diopside contains moderate amounts of Fe, averaging 
X^g = 0.83. Granular diopside is the most Fe-rich of the three 
varieties, averaging XMg = 0.62.
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Diopside displaying a granular habit represents the latest 

formed prograde variety. It is found only in massive diopside-tremolite 
skarn where it often replaces the bladed variety. Frisch and Helgeson 
(1984) also observed this type of relationship in metasomatic zones 
formed between dolomite and quartz diorite. They noted early coarse
grained diopside replaced by later, smaller-grained and more ferruginous 
diopside as the contact with quartz diorite was approached.

Inasmuch as the A1 content of diopside is very low, description 
of skarn pyroxenes as a binary mixture of diopside and hedenbergite 
should be quite sufficient when considering activity-composition rela
tions (see Table IV).



CHAPTER 6

CONCENTRATION/VOLUME CHANGES DURING SKARN FORMATION

In any skarn-forming system substantial transfer of components 
between hydrothermal solutions and predominantly carbonate rocks takes 
place. In order to quantify the concentration or volume changes attend
ing hydrothermal alteration, chemical analyses, densities and modal 
percentages are required for each rock composition. Whole rock geo
chemical data for selected bulk samples of granodiorite, dolomite, and 
massive skarn are presented in Table III. Although individual meta- 
somatic zones were not analyzed by bulk geochemical methods, data on 
mineral chemistries, relative mineral abundances, and ideal mineral 
densities allows the estimation of the bulk chemistry for individual 
metasomatic zones. Information on the conservation of components 
derived from the above data may later be applied--through the use of 
ionic activity diagrams-- to the study of hydrothermal solution 
equilibria.

Relative Mineral Abundances
A first approximation of component conservation during skarn 

formation may be made through knowledge of the relative mineral abund
ances of metasomatic veins and the assumption of ideal mineral chemis
try. The relative abundance of minerals in metasomatic veins was ob

tained from standard stained thin sections; between 1200 and 2500 points 
per sample were counted in a rectangular area from the dolomite contact

71
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to the vein center or the edge of the thin section. The relative 
mineral abundances of two veins are presented in Figures 15 and 16.
Below each figure are listed the reactions, calculated relative mineral 
abundances, and volume changes for three vein formation models: 1) CaO
and MgO conservation, 2) MgO and volume conservation, and 3) CaO and 
volume conservation.

A comparison of the calculated and observed modes for the 
forsterite + calcite vein in Figure 15 is in best agreement with the CaO 
and volume conservation model. The lack of MgO conservation is also 
suggested by the presence of a monomineralic calcite zone at the meta- 
somatic front. Modes are constant across the vein until the center is 
approached where forsterite increases from 43 to 51 volume percent.
This central portion corresponds to an area texturally suggesting cal
cite dissolution and resultant volume loss. If, in this region, MgO and 
Si02 conservation replaces CaO and volume conservation as equilibrium 
constraints (as suggested by the lack of size or shape change of forste
rite grains across the modal discontinuity), the central portion of the 
vein represents a volume loss of 16 percent.

Figure 16 represents the observed modes of a zoned metasomatic 
vein. Chondrodite and calcite compose the first zone; again, their 
relative volume abundances are consistent with CaO and volume conserva
tion, shown by the appropriate reaction. The next set of reactions uses 
the respective calculated modes of the chondrodite + calcite zone as 
their starting assemblage, producing calculated modes for the tremolite 
+ calcite zone. None of the proposed conservation models produces the 

modes observed in tremolite + calcite zone. The MgO and volume
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DISTANCE FROM DOLOMITE CONTACT (mm) VEIN
CENTER

MgQ and CaO Conservation Modes_____ AVoI.
Dol + 0.5 SiO?(aq) ^  Cal + 0.5 Fo + C0? 37% Fo, 63% Cal -9&%

MgO and Vol. Conservation
Dol + 0.5 SiO^Caq) + 0.15 CaO ̂  34% Fo, 66% Cal

1.15 Cal + 0.5 Fo + 0.85 CO^
CaO and Vol. Conservation
Dol + 0.63 Si02(aq) + 0.27 MgO ̂  43% Fo, 57% Cal

Cal + 0.63 Fo + CO^

FIGURE 15. Relative mineral abundances across vein 7-16-3. Reactions, 
calculated modes, and volume changes for three proposed conservation 
models are listed below the figure. See Table I for abbreviations.
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CON + CAL | TR + CAL DI + TR + CAL |DI + CAL

(PHD

— <DOL) (PHL)

DISTANCE FROM DOLOMITE CONTACT (mm) VEIN
CENTER

Mk O and C.iO Conserv.Tt i on ______ Mode s_____  Vol ■
Con + Cal zone: Dol + 4 5102(aq) + .2 H20 =

Cal + .2 Con f C0o 37% Con, 63% Cal -9%

Tr + Cal zone: Cal + .2 Con +1. 2  S102(aq) =
.2 Tr + .6 Cal + .4 C02 71% Tr, 29% Cal + 30%

MrO and Vol. Conservation
Con + Cal zone: Dol + .4 5102(aq) + .145 CaO + .2 HgO ■

1.145 Cal + .2 Con + .855 C02 34% Con, 66% Cal

Tr + Cal zone: 1.145 Cal + .2 Con + 1.2 S102(aq) «
.265 Cal + .2 Tr + .48 CaO + .88 C02 % Tr, 15% Cal — —  —

CaO and Vol. Conservation
Con + Cal zone: Dol + .5 5102(aq) + .25 HgO + .24 MgO -

Cal + .25 Con + C02 43% Con, 57% Cal

Tr + Cal zone: Cal + .25 Con + .56 MgO + .60 S102(aq) + .22 H20 = 58% Con, 57% Cal —

.72 Cal + .14 Con + .28 CC>2

FIGURE 16. Relative mineral abundances across vein 7-13-3. Reactions, 
calculated modes, and volume changes for three proposed conservation 
models are listed below the figure. See Table I for abbreviations.
Phi = phlogopite.
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conservation model provides the best approximation to the observed 
relative mineral abundances, suggesting a possible change in relative 
component mobility between the chondrodite + calcite and tremolite + 
calcite zones.

From the above descriptions and discussions, it is clear that 
using idealized reactions to model the conservation of components or 
volume during vein formation is slightly awkward. Balancing the reac
tions is time consuming, even when using ideal mineral compositions.
The possibility of changes in the relative mobility of components, even 
within an individual zone, makes writing reactions for various conserva
tion models past the first or second metasomatic zone difficult to 
impossible.

Fortunately, another method is available for studying changes 
in volume and concentration during hydrothermal alteration. The calcu
lations and graphical solution involved are readily adaptable to an 
integrated spreadsheet/graphic computer program. A brief discussion of 
the method is presented below, followed by a presentation and discussion 
of diagrams and possible conservation models for endoskarn and exoskarn 
formation.

Isocon Diagrams
Grant (1986) provided a simplified method for the analysis of 

changes in volume and concentration during metasomatism based upon the 
original equations of Gresens (1967). The graphical representation of 
the simultaneous solution of the rearranged equations of Gresens has 

been applied the term "isocon" diagram by Grant. The reader is referred
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to both Gresens and Grant for a full description and understanding of 
the method which will be briefly discussed below.

The basic equation for the isocon method is 
cf - M°/MA (C§ + ACi)

where C = concentration of a component (in weight percent or ppm),
M = mass of the sample, 0 = superscript for the unaltered or original 
sample, A = superscript for the altered sample and i == subscript for ith 
component. Analytical data for the components in the original sample 
(C^) and altered sample (C^) are appropriately scaled and plotted 
against one another. The "simultaneous solution of such equations for 
all components that show no relative gain or loss of mass defines an 
'isocon'" (Grant, 1986).

An isocon may be determined by best fit of the data points or 
by assumption of constant volume, constant mass, or constant concentra
tion of one or more components. For example, if magnesium is considered 
constant, the equation of the isocon is:

CA - (cftgo/C0Mgo)C°.
Likewise, if constant volume or mass is assumed, the equation of the 
isocon is

cA = (9°/eA)c0

or
cA = c°

respectively.

The gains and losses of components, relative to the reference 
isocon, are given by the displacement of the data points from the iso
con. Points falling above the isocon represent relative gains and those
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falling below, relative losses. The change in concentration of a com
ponent relative to its concentration prior to alteration (AĈ /Cj_) has 
been selected as the measure of gain or loss and is listed in a table 
accompanying each isocon diagram. If constant magnesium is assumed

t&Cj/Ci) = (cggo M g0) (Cf/c?) - 1 
If constant volume is assumed,

(ACi/Ci) = (pA/p°)(Cf/C§) - 1 
If constant mass is assumed,

(AC-j/Ci) - (CA/C$) - 1
The constant volume isocon is determined from the measured 

specific gravities of the original and altered samples. Specific gravi
ties of samples for which whole rock geochemical data were not available 
were determined by standard methods. Specific gravities of individual 
zones of metasomatic veins were Estimated from the relative volume and 
ideal density of each mineral in the zone.

The assumption of ideal density is not exactly valid, of 
course, because of the solid-solution characteristics of vein minerals. 
Although vein minerals do not represent end-member compositions, micro - 
probe data suggest they are sufficiently close that errors in the 
assumption of ideal density should be negligible.

Intrusive Rocks
Figure 17 is an isocon diagram based upon the geochemical data 

in Table III, comparing fresh granodiorite with pyroxene-plagioclase and 
quartz - sulfide-amphibole endoskarn types. The related concentration 
changes of three model isocons are listed below the figure.



FIGURE 17. Isocon diagram for average analyses of fresh granodiorite, 
pyroxene-plagioclase endoskarn and quartz -sulfide-amphibole. Tabulated 
concentration changes for the various conservation models are presented 
below the figure. Oxides are plotted in weight percent; elements in 
ppm. The isocon for the formation of pyroxene-plagioclase endoskarn is 
defined by constant Zr, P2O5, and MgO. Dashed lines show the 
progressive changes in gain and loss of components. The data point 
labeled "S.G." on this and all other isocon diagrams is determined from 
the measured or calculated specific gravities of fresh and altered 
samples. A line passing through this point and the origin defines the 
constant volume isocon.
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0.1 Zr
10 MgO

A1_0

10 TiO.

100 MnO

i 20 3(
AVERAGE FRESH GRANODIORITE

DPYX-FLAG ENDO O  QTZ-SULF-AMPH ENDO

acl/c°

CD VS PYX-PLAG ENDO PYX-PLAG ENDO VS QTZ-SULF-AMPH ENDO CD VS QTZ-SULF-AMPH ENDO

COMPONENT VOL* a l 2o 3* Zr* VOL* a l 2o 3* Zr* VOL* a l 2o 3* Zr*

sio2 -0.04 -0.05 -0.11 -0.04 -0.06 +0.70 -0.08 -0.12 +0.51
AL203 +0.02 0.00 -0.06 +0.02 0.00 +0.81 +0.04 0.00 +0.71
t i o 2 +0.01 0.00 -0.06 -0.53 -0.54 -0.16 -0.52 -0.54 -0.21
CaO +0.65 +0.62 +0.53 -0.41 -0.42 +0.06 -0.02 -0.05 +0.62
MgO +0.06 +0.04 -0.02 +0.03 +0.01 +0.83 +0.09 +0.05 +0.80
Fe2°3 -0.13 -0.14 -0.19 -0.24 -0.25 +0.35 -0.33 -0.36 +0.10
MnO -0.11 -0.12 -0.17 -0.51 -0.52 -0.14 -0.57 -0.58 -0.29
Na20 +0.14 +0.12 +0.05 -0.29 -0.30 +0.26 -0.19 -0.22 +0.33
^o -0.65 -0.65 -0.67 +6.70 +6.54 +12.67 +1.71 + 1.61 +3.47
P2°5 +0.05 +0.03 -0.03 -0.48 -0.49 -0.08 -0.46 -0.48 -0.11
F -0.46 -0.47 -0.50 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00
Zr +0.08 +0.06 0.00 -0.44 -0.45 0.00 -0.39 -0.42 0.00
VOLUME +0.03 +0.02 +0.08 -0.06 -0.08 +0.67 -0.03 -0.07 +0.59

^Constant

FIGURE 17. Isocon diagram for average analyses of fresh granodiorite 
pyroxene-plagioclase endoskarn and quartz-sulfide-amphibole endoskarn
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The conversion of fresh granodiorite to pyroxene-plagioclase 

endoskarn (represented by squares in Figure 17) appears to be a process 
of Zr, Ti02, ^2^5 ’an<* conservation, represented by an isocon passing
through the origin and these data points. All the models considered-- 
constant volume, AI2O3, and Zr--are quite similar in their calculated 
concentration changes. For the constant Zr isocon, the losses of mobile 
components are about 11 percent SiO^; 16-18 percent 1̂ 20  ̂ and MnO; and 
50-70 percent K2O and F. The gains for this isocon are 5 percent Na^O; 
53 percent CaO, and include a 5 percent volume increase.

The circles in Figure 17 represent the component concentrations 
of quartz - sulfide-amphibole endoskarn plotted against fresh granodio
rite. Most components exhibit significant losses relative to fresh 
granodiorite. The assumption of a constant Zr isocon requires a major 
gain of CaO, MgO, SiO^, AI2O3, K2O, and Na^O; moderate losses of MnO, 
P2O5, and Ti02; and the complete loss of F. Adoption of this model 
isocon suggests a major (65 percent) increase in volume.

Evidence of the relative mobility of Ti02 in the granodiorite 
of the study area is supported petrographically. As discussed in 
Chapter 4, sphene in the quartz - sulfide -amphibole endoskarn appears 
smaller and corroded compared with occurrences in pyroxene-plagioclase 
endoskarn or fresh granodiorite.

Massive Skarn
The whole rock geochemical data (Table III) for dolomite and 

light and dark massive skarn are displayed as isocon diagrams in Figures
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ACi/c;

COMPONENT CONST VOL CONST MgO CONST MASS

Si02 +78.62
AI2O3 +0.40
CaO -0.29
MgO -0.06
^e2^3 +32.24
MnO +22209.09
Na20 +1.67
k2o +13.20
P2°5 -0.58
F +6.10
VOLUME 0.00

+83.77 +69.80
+0.49 +0.24
-0.24 -0.37
0.00 -0.16

+34.39 +28.56
+23645.98 +19749.00

+1.84 +1.38
+14.12 +11.63
-0.55 -0.63
+6.56 +5.31
+0.06 r—4 f—40

FIGURE 18. Isocon diagram comparing dolomite with average analyses of 
dark, massive skarn. Constant volume and MgO isocons are plotted. 
Tabulated concentration changes for the various conservation models are 
presented below the figure. Oxides are plotted in weight percent; 
elements in ppm. See Figure 17 for explanation of the data point "S.G."
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0.5 SiO.
100 MnO

100 Na20

100 P-0,
0.01 F

7-17-L (LT. SKARN)

ACi/C*

COMPONENT CONST VOL CONST AL203 CONST MgO CONST MASS

Si02 -0.01 +0.06 0.00 -0.05
AI9O3 -0.07 0.00 -0.05 -0.11
CaO +0.13 +0.22 +0.15 +0.09
MgO -0.02 -0.06 0.00 -0.06
Fe^O^ +0.43 +0.53 +0.45 +0.37
MnO +0.15 +0.24 +0.17 +0.11
Na20 -0.24 -0.19 -0.23 -0.27
k 2o -0.09 -0.02 -0.08 -0.13
p2°5 +0.04 +0.12 +0.06 0.00
r
VOLUME 0.00 +0.07 +0.02 -0.04

FIGURE 19. Isocon diagram comparing light and dark massive skarn. The 
best-fit isocon corresponds to constant volume, SiOg, MgO, AlgO], and 
P2O5. Tabulated concentration changes for the various conservation 
models are presented below the figure. Oxides are plotted in weight 
percent; elements in ppm. See Figure 17 for explanation of the data 
point "S.G."
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18 and 19. The" relative losses and gains for the considered models are 
tabulated below each diagram.

Figure 18 compares graphitic dolomite with the most developed 
(altered) skarn, a massive, dark rock consisting of diopside, tremolite, 
and minor calcite. Because there is no well-defined isocon, logical 
conservation models including constant mass, volume, and MgO were chosen 
as possibilities. Constant AI2O3 or CaO isocons were not considered 
because the large required volume changes seemed inconsistent with 
geologic observations.

Concentration changes for the three proposed models are all 
quite similar. A constant volume model was chosen for the overall 
conversion of dolomite to dark massive skarn. While the 6 percent 
volume gain required by the MgO conservation model is not implausible, 
the author felt it unlikely.

According to the volume conservation model, all MnO and signif
icant quantities of SiO^, Fe203, and K2O have been added to the rock. 
Concentration gains of F and Na^O are both over 100 percent. AI2O3 
exhibits a 40 percent increase while CaO and MgO exhibit relative con
centration decreases of 29 and 6 percent, respectively. The minor con
centration change of MgO suggests that it is relatively immobile during 
skarn formation. As shown above, however, MgO is definitely mobile 
during the formation of the frontal zones of many metasomatic veins.

A comparison of light massive skarn and its more altered 
counterpart, dark massive skarn, is shown in Figure 19. Either a 
constant volume or constant MgO isocon approximates the best-fit isocon 
for the data. Either model requires less than a 10 percent loss of
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S102, AI2O3, MgO, K2O, and a 0-2 percent gain in volume. The most 
significant gains are. of CaO, Fed, and MnO which .are attributed to the 
modal increase of diopside and pyrrhotite attending the conversion of 
light skarn to dark skarn. The concomitant decrease in the relative 
mineral abundance of tremolite during this conversion is the most 
probable cause for losses of K2O and Na20.

Metasomatic Zones
Knowledge of the chemistry of individual minerals in meta

somatic zones, combined with data on their relative mineral abundance, 
allows calculation of the average bulk composition of individual zones 
or of specific portions thereof. The accuracy of the estimated bulk 
composition is dependent upon the accuracy of modal data and of chemical 
analyses of each mineral and the constancy of its composition across the 
zone.

The data in Figures 20 to 26 represent the calculated chemical 
compositions of specific metasomatic zones of Sample 7-13-3. The com
positions were calculated either from average mineral compositions and 
relative abundances for the zone, as a whole, or from actual abundances 
and mineral compositions at specific locations within the zone. This 
sample is ideally suited for calculating zone compositions because 
microprobe analyses for all major minerals except calcite are available 
at various locations within each zone.

The validity of the above method is supported by a comparison 
of the isocon diagrams plotting dolomite against actual chemical data, 
or against the calculated chemical data, for the same metasomatic zone

•v- ;
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COMPONENT CONST VOL CONST M%0 CONST MASS

Si02 +20.29 +17.68 +20.22
CaO 0.00 -0.12 0.00
MgO +0.14 +0.00 +0.14
FeO +0.54 +0.36 +0.54
MnO +4002.13 +3512.77 +3989.43
F +35.02 +30.62 +34.91
h2o +19281.21 +16924.09 +19220.06
co2 -0.43 -0.50 -0.43
VOLUME 0.00 -0.12 0.00

FIGURE 20. Isocon diagram comparing dolomite with the Con + Cal zone of 
vein 7-13-3. The isocon corresponds to CaO and volume conservation. 
Tabulated concentration changes for the various conservation models are 
presented below the figure. Oxides are plotted in weight percent; 
elements in ppm. See Figure 17 for explanation of the data point "S.G." 
See Table I for mineral abbreviations. Relative mineral abundances for 
the vein are shown in Figure 16.
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0.5 SiO.

□ 5 FeO
□ 10 F 0.5 CO.

.0 MnO

GRAPHITIC DOLOMITE

ACi/C?

COMPONENT CONST VOL CONST MgO CONST MASS

Si02 +79.08 +74.12 -0.73
CaO -0.48 -0.51 + 1.00
MgO +0.07 0.00 +0.10
Feo +5.66 +5.25 -0.76
MnO +8245.04 +7734.37 -0.50
F +8.85 +8.24 +2.78
h 2o +19854.33 +18624.70 0.00
co2 -0.95 -0.95 +10.40
VOLUME 0.00 -0.06 -0.04

FIGURE 21. Isocon diagram comparing dolomite with the Tr + Cal zone of 
vein 7-13-3. The constant volume isocon is shown. Tabulated 
concentration changes for the various conservation models are presented 
below the figure. Oxides are plotted in weight percent; elements in 
ppm. See Figure 17 for explanation of the data point "S.G." See Table 
I for mineral abbreviations. Relative mineral abundances for the vein 
are shown in Figure 16.
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COMPONENT CONST VOL CONST M r O CONST MASS

Si02 +79.05 +82.03 +72.99
CaO -0.29 -0.26 -0.34
MgO -0.04 0.00 -0.11
Feo +12.56 +13.06 +11.53
MnO +12791.50 +13268.47 +11824.00
F * +6.67 +6.95 +6.09
h 2o +10903.78 +11310.36 +10079.05
co2 -0.95 -0.94 -0.95
VOLUME 0.00 +0.04 -0.08

FIGURE 22. Isocon diagram comparing dolomite with the Di + Tr + Cal 
zone of vein 7-13-3. The transition approximates volume and MgO 
conservation.Tabulated concentration changes for the various 
conservation models are presented below the figure. Oxides are plotted 
in weight percent; elements in ppm. See Figure 17 for explanation of 
the data point "S.G." See Table I for mineral abbreviations. Relative 
mineral abundances for the vein are shown in Figure 16.
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□ 5 FeO
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0.5 CO

GRAPHITIC DOLOMITE

ACj/C?

COMPONENT CONST VOL CONST MkO CONST MASS

Si02 +75.04 +114.02 +66.48
CaO +0.02 +0.54 -0.10
MgO -0.34 0.00 -0.41
Feo +27.02 +41.39 +23.87
MnO +21974.00 +33239.33 +19499.00
F +0.07 +0.62 -0.05
h 2o +2286.77 +3459.56 +2029.09
co2 -0.89 -0.83 -0.90
VOLUME 0.00 +0.51 -0.11

FIGURE 23. Isocon diagram comparing dolomite with the Di + Cal (+ Tr) 
vein center assemblage. The constant volume isocon approximates CaO 
conservation also. Tabulated concentration changes for the various 
conservation models are presented below the figure. Oxides are plotted 
in weight percent; elements in ppm. See Figure 17 for explanation of 
the data point "S.G." See Table I for mineral abbreviations. Relative 
mineral abundances for the vein are shown in Figure 16.
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ACi/C?

COMPONENT CONST VOL CONST MgO CONST MASS

Si02
CaO
MgO
FeO
MnO
F
h2o
C02
VOLUME

+2.74
-0.48
-0.06
+2.13
+0.08
-0.79
+0.05
-0.91
0.00

+2.99
-0.45
0.00

+2.34
+0.15
-0.78
+0.12
-0.90
+0.07

+2.62
-0.50
-0.09
+2.03
+0.04
-0.80
+0.01
-0.91
-0.03

FIGURE 24. Isocon diagram comparing the Con + Cal zone with the Tr + 
Cal zone of vein 7-13-3. The constant volume isocon suggests MgO 
conservation for the transition. Tabulated concentration changes for 
the various conservation models are presented below the figure. Oxides 
are plotted in weight percent; elements in ppm. See Figure 17 for 
explanation of the data point "S.G." See Table I for mineral 
abbreviations. Relative mineral abundances for the vein are shown in 
Figure 16.
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COMPONENT CONST VOL CONST MeO CONST MASS

Si02 0.00 +0.06 -0.04
CaO +0.31 +0.39 +0.26
MgO -0.06 0.00 -0.09
FeO +0.01 +0.08 -0.02
MnO -0.37 -0.34 -0.40
F -0.10 -0.04 -0.13
h 2o -0.39 -0.35 -0.41
co2 +0.04 +0.10 0.00
VOLUME 0.00 +0.06 -0.03

FIGURE 25. Isocon diagram comparing Che Tr + Cal zone with the Di + Tr 
+ Cal zone of vein 7-13-3. The constant volume isocon approximates 
constant MgO, FeO, SiOg, and F for the transition. Tabulated 
concentration changes for the various conservation models are presented 
below the figure. Oxides are plotted in weight percent; elements in 
ppm. See Figure 17 for explanation of the data point "S.G." See Table 
I for mineral abbreviations. Relative mineral abundances for the vein 
are shown in Figure 16.
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COMPONENT CONST VOL CONST MrO CONST MASS

Si02 -0.05 0.33 -0.08
CaO +0.37 +0.92 +0.32
MgO -0.29 0.00 -0.31
Feo +0.51 +1.11 +0.46
MnO +0.22 +0.71 +0.18
F -0.74 -0.64 -0.75
h2o -0.77 -0.67 -0.77
co2 +1.07 +1.90 +1.00
VOLUME 0.00 +0.40 -0.03

FIGURE 26. Isocon diagram comparing the Di + Tr + Cal zone with the Di 
+ Cal (+ Tr) vein center assemblage of vein 7-13-3. The transition is 
one of constant volume and constant SiOg. Tabulated concentration 
changes for the various conservation models are presented below the 
figure. Oxides are plotted in weight percent; elements in ppm. See 
Figure 17 for explanation of the data point "S.G." See Table I for 
mineral abbreviations. Relative mineral abundances for the vein are 
shown in Figure 16.
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as shown in Figures 18 and 22, respectively. The mineralogy and rela
tive mineral abundances of dark, massive skarn (Figure 18) and of the 
diopside + tremolite + calcite (massive skarn) zone of metasomatic veins 
(Figure 22) are essentially the same. The relative losses and gains for 
MgO, CaO, Si02, and specific gravity are very similar in these figures. 
The difference in the positions of FeO (or Fe20g) and MgO are attribut
able to the non-ferruginous nature of diopsides and lack of pyrrhotite 
or magnetite in the metasomatic vein, compared with massive skarn.

The isocon diagrams presented in Figures 20-23 compare progres
sively formed metasomatic zones with dolomite. The concentration 
changes represented on the diagrams are overall changes, referenced to 
the original unaltered host rock. Analysis by this method does not 
address the possibility of changes in relative component mobility be
tween adjacent zones, as was demonstrated earlier. To this end, isocon 
diagrams comparing adjacent metasomatic zones are presented in Figures 
24-26.

As suggested by the idealized conservation reactions listed in 
Figure 16, the conversion of dolomite to chondrodite + calcite in Sample 
7-13-3 is a process of CaO and volume conservation. This is portrayed 
by the constant volume isocon passing through the CaO data point in 
Figure 20. The conversion requires concentration gains of over 1000 
percent for SiO^ and F, and less drastic gains for FeO (+54 percent) and 
MgO (+14 percent).

The advantage of viewing concentration changes zone to zone, 
rather than referenced to the original rock, becomes apparent when 

Figures 21 and 24 are compared. In Figure 21, compositional data for
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dolomite are plotted against data for the second zone of the vein 
(tremolite + calcite); assuming constant volume, MgO and F show relative 
gains. Yet, when comparing the tremolite + calcite zone with its direct 
progenitor, chondrodite + calcite (Figure 24), these components exhibit 
relative losses. Similar observations are made when comparing Figure 
22, where Si02 and FeO show significant gains, and Figure 25, where they 
are conserved along with volume.

Another insight into the zone-forming process is given by 
comparing the inner metasomatic zones, represented in Figures 25 and 26. 
The data in Figure 25 suggest that the conversion of the tremolite + 
calcite zone to the diopside + tremolite + calcite zone generally con
serves volume and all major components excluding CaO, which exhibits a 
31 percent concentration gain. Creation of the diopside + calcite 
(+ tremolite) vein center assemblage (Figure 26) is also a process of 
volume and SiO^ conservation with a continued gain in CaO.

One last observation for this sample should be made. Comparing 
host rock dolomite with the diopside + tremolite + calcite (massive 
skarn) zone (Figure 22), suggests that the formation of massive skarn is 
a process of volume and MgO conservation. However, there is one more 
distinct zone found at the center of many metasomatic veins. This zone 
is the diopside + calcite (+ tremolite) vein center assemblage described 
in Chapter 4. Dolomite is compared to this zone in Figure 23 where it 
is shown that MgO experiences a 34 percent concentration loss.
Therefore, while the majority (by volume) of skarn may have been pro

duced by an approximate MgO and volume conservation process, the diop

side + calcite vein center assemblage appears to have formed under
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conditions approximating volume, CaO, and F conservation. This is 
important considering the vein center assemblage is assumed to be closer 
to equilibrium with the skarn-forming hydrothermal fluid than any other 
assemblage.



CHAPTER 7

CONDITIONS OF SKARN FORMATION

As suggested by the chemical data presented in Chapter 5, the 
formation of metasomatic veins and massive skarn may be studied, as a 
first approximation, on the basis of equilibria in the system CaO-MgO- 
Si02-H2O-CO2. Petrographic observations lead to constraints on the T, 
XCO2 , and component activities of the hydrothermal fluid in local equil
ibrium with the various assemblages, as outlined in this chapter.

Sources of Thermochemical Data and Standard State Conventions
The standard state for minerals and H2O (liquid) adopted in the 

present study is one of unit activity for the pure component at any 
pressure and temperature; that for gaseous components (CO2,02,S2) is 
defined as unit fugacity of the hypothetical perfect gas at one bar and 
any temperature. The standard state for aqueous species other than H2O 
is defined as unit activity of the species in a hypothetical one molal 
solution referenced to infinite dilution at any pressure and tempera
ture. As a consequence of these standard state conventions, the activ
ities of stoichiometric minerals and pure H2O (liquid) are unity, and 
the activities of gaseous components are equal to their fugacities at 
all temperatures and pressures.

Mineral compositional data presented in Chapter 5 show that 
skarn minerals exhibit minor to moderate solid solution exchange, mainly 
Fe for Mg and F for OH, As such, some minerals may deviate

94
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significantly from unit activity. Mineral compositions are represented 
on equilibrium diagrams by thermodynamic components corresponding to Mg 
and OH end members but depict stability relations of crystalline 
solutions by the incorporation of reduced activities in calculated 
equilibria. Activity-composition relations for various skarn minerals 
are presented in Table IV.

All equilibrium diagrams were calculated with data for minerals 
and aqueous species found in Helgeson and Kirkham (1974a, b, 1976), 
Helgeson and others (1978, 1981), and Walther and Helgeson (1977), using 
the program SUPCRT (Helgeson and others, 1978). Chondrodite is not 
listed in the SUPCRT database and thermochemical data for this mineral 
(including values for excess mixing parameters) were estimated or ob
tained from Helgeson and others (1978) and Duffy and Greenwood (1979), 
respectively.

Nonideality in the System H2O-CO2
The correlation of equilibrium constants for dehydration/ 

decarbonation reactions with fluid compositions in geochemical processes 
requires provision for the nonideal mixing of molecular species in the 
fluid phase (Flowers, 1979). Flowers correction of Holloway's (1977) 
adaptation of the modified Redlich-Kwong equation of state reveals that 
relatively large departures from ideality may occur in H2O-CO2 mixtures 
at temperatures less than 500°C at 2 kb. Nonideality in the system H^O- 
CO2 may have a dramatic effect on intercepts and slopes of univariant 
curves on T-XCO2 diagrams and on the saturation limits and intercepts of 
stability field boundaries on activity diagrams.
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The activities and fugacities of H2O and CO2 used in devolatil

ization reactions in this study were computed for X(C02) + X^H^O) = 1 
and Pfiuid = ^total with the program RKMIX (Holloway, 1977) which has 
been modified by G. C. Flowers (1979).

Walther and Helgeson (1980) have shown that the generation of 
activity diagrams for systems in which a(H20) departs significantly from 
unity requires explicit provision for solvation of the aqueous species 
involved in the reactions represented by stability field boundaries on 
the diagrams. The axes of activity diagrams for specified values of 
XCO2 are labeled in terms of O^, which is defined by Walther & Helgeson 
as

Ui = a(H20)^ni
and

ni r ni‘zinH+
where ny+ and n^ represent the solvation numbers of the hydrogen ion and 
the ith aqueous species other than hydrogen ion, respectively; refers 
to the charge on the subscripted species. By specifying the descriptive 
variable as log (a^/(G^a§^) in activity diagrams for stipulated values 
of X(C02), phase relations may be accurately portrayed regardless of the 
actual state of solvation of the species in solution (Walther and 

Helgeson, 1980).

Thermodynamic Data for Chondrodite and Brucite
Duffy and Greenwood (1979) presented data on the thermodynamic 

properties of minerals, including chondrodite and brucite, in the system 
Mg0-MgF2-Si02”H20. Actual experimentally derived data for these
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minerals (Duffy,1977) include only data on volume and the equilibrium 
partitioning of fluorine between hydroxylbearing minerals in the system 
(from which excess mixing parameters were calculated). Other data, 
including Gibbs free energy of formation, entropy, and heat capacity for 
chondrodite were calculated by the appropriate summation of the corres
ponding values for forsterite and brucite. These values were taken from 
available thermodynamic data which did not include the data of Helgeson 
and others (1978). .

In an attempt to maintain the internal consistency of the 
Helgeson and others (1978) database, the author chose to estimate those 
thermodynamic properties not experimentally derived by Duffy (1977) from 
the above database. Thermodynamic data for chondrodite and brucite 
employed in the calculation of equilibrium diagrams are listed in Table 
XI.

There appears to be a major discrepancy between the stability 
of OH-chondrodite calculated from the data in Table XI and the stability 
of naturally occurring chondrodite. As stated earlier, pure OH-chondro
dite has never been found in nature (Deer and others, 1962) and has only 
recently been synthesized under extreme pressure and temperature condi
tions (Yamamoto and Akimoto, 1977). Yet, the estimated data for pure 
OH-chondrodite show it to be stable at common metamorphic/metasomatic P- 
T conditions.

Rice (1980a) had similar problems with thermodynamic data on 
another humite group mineral, clinohumite, taken completely from Duffy 
and Greenwood (1979). Rice chose to arbitrarily adjust the value for 
the Gibbs free energy of clinohumite by approximately -1 percent to
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TABLE XI. Thermodynamic data for chondrodite and brucite.

________ OH-Chondrodite____ _ _________ OH-Brucite_________
AGgA = -1,182,954 cal mole'1 
S£k = 60.088 cal mole'loK-1 
V°c _ H0.32 cm3mole'1

____Cp =■ a + bT + cT'3<3______  (Data from Helgeson
and others, 1978)

a = 60.08 cal mole^K"1 
b • 103 = 17.08 cal mole'^-K"1 
c • 10'5 = -23.15 cal mole*T-K'1

OH-F Excess Mixing Parameters— OH-F Excess Mixing Parameters—
Wqr = -5,154 cal mole"^ = -8,396 cal mole"^.
Wp = -5,154 cal mole"l

— Appropriate summation of A^if for forsterite and brucite; based upon 
H|r, V° , and heat capacity power function coefficients for fors terite 
and brucite and equations 14 and 25 of Helgeson and others (1978).

— Appropriate summation Sf for forsterite and brucite; equation 62 of 
Helgeson and others (1978).

— Duffy and Greenwood (1979)
— Appropriate summation Cp coefficients for forsterite and brucite; 

equation 85 of Helgeson and others (1978).
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render it metastable relative to its stable counterparts, forsterite and 
brucite. Lacking any additional information as to where the discrepancy 
in the estimated thermodynamic data for chondrodite lies (e.g., AGf, Sf, 
or Cp), the author chose to use the estimated data for chondrodite 
listed above without modification.

Stability of Chondrodite
The occurrence of Ti-free chondrodite under normal geologic P-T 

conditions is a result of non-ideal fluorine substitution which increas
es the stability of chondrodite relative to forsterite and brucite 
(Rice, 1980b). Forsterite and chondrodite occupy the same relative 
zonal position in metasomatic veins. Although forsterite and chondro
dite were observed to be mutually exclusive in studied rock specimens, 
the above similarities suggest they formed under common physical- 
chemical conditions, except for the local concentration of HF in the 
metasomatic fluid. It is suggested that where sufficient fluorine was 
available chondrodite formed instead of its stable counterpart in a 
fluorine-poor environment, forsterite.

The calculated activity of the the OH end-member in the average 
analyzed chondrodite (X^g 0.97, Xp = 0.30, Table VII) is 0.38. Equili
bria calculated with this activity value require that chondrodite of 
this composition be stable, relative to forsterite, only at temperatures 

<400°C and XCO2 < 0.0001. This stability range lies within that of 
antigorite with which it is commonly associated, as can be seen in 

Figure 28, a T-XCO2 diagram representing low fyp conditions (forsterite 
stable relative to chondrodite).
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This apparent instability of an average skarn chondrodite, 
relative to forsterite, evidently results from the errors in the esti
mated thermodynamic data for chondrodite mentioned earlier. However, 
when the analysis of chondrodite exhibiting the greatest solid solution 
effects (X^g = 0.94, Xp = 0.44, Table VII) is used in calculated equil
ibria, it is found to be stable at temperatures past 500°C and XCO2 
values up to -0.02. This T-XCO2 range encompasses the stability range 
of antigorite, as shown in Figure 29, a T-XCO2 diagram representing 
chondrodite-stable equilibria. Chondrodite of this composition has an 
OH end-member activity of 0.106 which was the value adopted for use in 
the construction of equilibrium diagrams.

Because of problems with thermodynamic data for chondrodite, 
the computed equilibria relevant to mineral assemblages containing this 
phase are only approximate. In spite of uncertainties involved in the 
exact location of chondrodite-bearing equilibria for a fixed value of 
Xp, adopting an activity of chondrodite that allows for co-existence of 
chondrodite + antigorite, but precludes the coexistence of antigorite + 
forsterite + chondrodite, is justified from the observed mineral stabil
ity relations.

Pressure

Given that the emplacement of the Sierra Nevada batholith took 
place over a period of 130 m.y. (210 m.y. to 80 m.y.), there is no 
reason to believe that the multitude of plutons that compose the batho
lith formed at one particular pressure. Estimates of pressures of 
emplacement in the central and southern portions of the Sierra Nevada
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range from as high as 8 kb (Lachenbruch, 1968) to 1.5 kb (Putnam and 
Alfors, 1965). Pressures estimated from calc-silicate mineral 
equilibria are just as ambiguous because these equilibria are functions 
of pressure, temperature, XCO2, and mineral composition.

Despite these difficulties, certain textural, mineralogical, 
and compositional features of Sierran metamorphic and igneous rocks give 
clues as to their depths of formation. Newberry (1980), using such 
features, classified tungsten skarns of the central Sierra Nevada into 
three depth ranges: 1) shallow: forming at pressure < 1 kb, 2) inter
mediate: forming at pressures between 1 and 3 kb, and 3) deep: forming
at pressures > 3 kb. A comparison of Newberry's criteria with features 
of intrusive and metamorphic rocks of the study area suggests that skarn 
formation occurred under "intermediate" depth conditions, that is, 
pressures of 1-3 kb. Newberry suggested that a pressure of 2 kb was 
compatible with many of the tungsten skarns he studied; therefore 2 kb 
was chosen by the author as the estimated pressure attending skarn 
formation.

Temperature/Compositional Constraints and Equilibrium Topologies
The progressive changes in mineral assemblages in metasomatic 

veins may result from gradients in T-X(C02) and/or gradients in the 
activities of nonvolatile components. Equilibrium diagrams for the five 

component system CaO-MgO-Si02-H2O-CO2 permit estimation of some of the 
above variables.

The following examination of temperature/compositional con
straints will be referenced to forsterite stable assemblages with the
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knowledge that chondrodite (rather than forsterite) would be stable over 
similar temperature/compositional ranges in a fluorine-enriched system. 
In an attempt to show similarities in the phase relations of these two 
minerals, chondrodite stability limits have also been designated on 
certain diagrams (e.g., Figures 37 and 38).

The zoned nature of metasomatic veins implies that the vein
forming system is not in a state of overall equilibrium; this, however, 
does not preclude local equilibrium (Thompson, 1959; Korzhinskii, 1970). 
Although the geochemical processes that formed metasomatic veins and 
massive skarn are disequilibrium processes and overall irreversible, 
they may be analyzed through the use of equilibrium phase relations.

Temperature
Although metasomatic veins, in general, are parallel features, 

crosscutting vein systems may occasionally be found (see Figure 27).
The geometric relations of crosscutting veins clearly show that veins 
exhibiting a Dol -> Fo + Cal -> Tr + Cal zone sequence are later than 
those with only a Dol -> Fo + Cal sequence. J Likewise, those veins 
exhibiting a Dol -> Fo + Cal -> Ant + Cal -> Tr + Cal sequence are later 
than those with a Dol -> Fo + Cal -> Tr + Cal sequence. Vein forma
tion, therfore, occurred over an extended period of time and, hence, 
probably at different temperatures. In addition, the small width of 
many of the veins (less than a few centimeters) implies individual veins 

represent isothermal conditions.

Figure 28 is a 2 kb, T-X(C02) diagram representing calcite- 
bearing, chondrodite absent reactions useful in interpreting the
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FIGURE 27. Early Con + Cal vein cut by a later Con + Cal -> Tr + Cal -> 
Di + Tr + Cal -> Di + Cal vein. The dark green zone is tremolite + 
calcite enclosing the Di + Tr + Cal zone (white zone). Translucent, 
prismatic diopside grains (+ calcite) are at the vein center. Scale is 
in cm. See Table I for abbreviations.
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FIGURE 29. Partial T-X^COg) diagram for the system CaO-MgO-SiOg-COg- 
HgOf-HF) at 2 kb. The addition of HF to the system and the employment 
of the maximum reduced activity of analyzed chondrodites (see text) 
causes chondrodite to replace forsterite throughout the stability range 
of antigorite. (Compare with Figure 28.) All thermodynamic data used 
in constructing diagram from Helgeson and"Others (1978) except data for 
chondrodite and brucite which is from Duffy and Greenwood (1979). For 
simplicity, equations are not balanced and volatile components are not 
shown. See Table I for abbreviations.
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conditions of metasomatic vein formation. Several observed and possible 
vein sequences are represented by isothermal paths on the diagram. 
Chondrodite stable reactions are shown in Figure 29 for comparison.

Although no reactions provide an upper temperature limit for 
vein formation, a maximum value of around 500°C is suggested from 
calcite-dolomite thermometry of early veins (see Chapter 5). At this 
temperature and at X(C02) values less than 0.035 [the lower X(C02) limit 
for tremolite stability], only brucite, forsterite (chondrodite), diop- 
side, and calcite are stable. Early veins are restricted to this list, 
implying that the thermometry determinations may be reasonably accurate.

Only one mineral assemblage, antigorite 4* calcite, has a well- 
defined temperature limit occurring at invariant point I in Figure 28. 
Veins containing this assemblage are restricted to temperatures below 
473°C at 2 kb.

Lower temperature limits of metasomatic veins are poorly con
strained as all major vein minerals are stable to below 400°C at some 
value of X(C02) less than 0.004. The common vein assemblage transition 
Fo + Cal -> Tr + Cal establishes a temperature minimum (470°C) repre
sented by invariant point II in Figure 28. Below this temperature an 
Ant + Cal assemblage is required between the Fo -f Cal and Tr + Cal 
assemblages (see Figure 30).

Only one other temperature* restriction applies to metasomatic 
veins, represented by reaction (9) in Figure 28. This reaction

5Di + 3C02 + H20 = Tr + 3Cal + 2Qtz
represents the maximum temperatures [and minimum X(C02)] at the centers 
of veins that reached quartz saturation (where quartz, actinolite, and
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calcite coexist). The univariant equilibrium has been calculated at a 
reduced activity of OH-tremolite (0.136) which allows the representation 
of actinolite in the Fe-free system. The gentle slope of reaction (9) 
suggests that actinolite + calcite + quartz veins were low temperature 
and/or high X/CO^) features. Possible temperatures range from below 
400°C at X(C02) values less than 0.004 to greater than 460°C at X(C02) 
values greater than 0.035.

Variations in H2O :CO2 Ratios
The variations in mineralogy between metasomatic veins suggest 

that there were no common limits to X(C02) values applicable to veins as 
a whole, although the common presence of antigorite indicates H^O far 
exceeded CO2 in the metasomatic fluid. Similarly, variations of 
mineralogy within individual veins suggest no single value of X(C02) 
existed along the full width of a vein.

The existence of a gradient in X(C02) across metasomatic veins 
precludes specifying a single equilibrium value of X(C02) for the entire 
vein. Vein center mineral assemblages represent fluid concentrations 
responsible for vein formation and, as such, are of most interest. Many 
metasomatic vein centers contain the assemblage diopside + calcite which 
is stable over a large range of T-X(C02). The bracket of possible 
X(CC>2) values for this assemblage is so large as to be useless. There
fore, where X(C02) is constrained by mineral assemblages other than 
those at the vein center, these values may be significantly less than 
those at the vein center.
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Assuming X.CGOjr) increases toward vein center (see discussion 

in later part of this section), reaction (8) in Figure 28
Dol + H2O = Br + Cal + CO2

provides a minimum for X(C02> at the vein front. At 500°C this minimum 
occurs at £ 0.006 X(C02). The restriction of the Br + Cal assemblage to 
early veins provides evidence suggesting X(C02) increased with evolution 
of the vein forming system. An increase of X(C02) with time (and 
decreasing temperature) falls on a path trending away from reaction (8) 
and brucite stability.

A minimum value of X(C02) at vein front for the transition 
Dol > Fo + Cal is given by the stability of Fo + Cal, defined by 
reaction (1)

Tr + UDol - 8F0 + 13Cal + 9C02 + H20
and reaction (6)

Ant + 20Dol = 34Fo + 20Cal + 20C02 + 31H20 
on Figure 28. This minimum is poorly constrained, ranging from 0.0003 
at 400°C to over 0.025 above 4809C. However, requiring the above tran
sition to include

Dol -> Fo +' Cal -> Tr -f Cal
also requires that forsterite and tremolite be in contact, a condition 
limited by reaction (3)

Tr + 10.7Fo + 2C02 + 16.05H20 = 0.55Ant + 2Cal 
to values of X(C02) greater than invariant point II in Figure 28. At 
temperatures and values of X(C02.) below this point, an intermediate 
Ant + Cal assemblage is required between the Fo + Cal and Tr + Cal 
assemblages (see Figure 30). Therefore, at the metasomatic front of
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veins exhibiting the assemblage transitions Dol -> Fo + Cal -> Tr + Cal, 
X(CC>2) is restricted to values greater than 0.0125.

Reaction (6) also restricts the maximum value of XCCO^) allowed 
at the metasomtic front of veins exhibiting the assemblage transition 
Dol -> Fo + Cal -> Ant + Cal. The terminus of reaction (6) at invariant 
point I in Figure 28 represents the maximum value of X(C02) for the 
above transition [X(CC>2) = 0.019].

Veins exhibiting the frontal assemblage Dol -> Chr^ + Cal, 
though not common, were observed in rocks of the septum. Both the 
minimum and maximum X(CC>2) allowing the above transition are bracketed 
by reactions (6) and (4), respectively, with an absolute maximum occur
ring at 0.019 (invariant point I, Figure 28). The relative rarity of 
transition Dol -> Chr + Cal and also of Dol -> Tr + Cal suggests either: 
1) X(C02) at the vein front remained quite low [< reaction (6)] or, 2) 
vein formation probably did not continue below £ 430-440°C.

A positive gradient in a(Si02) is required from dolomite host 
to vein center (Figure 30) but the direction of any gradient in X(C02) 
is less constrained. Increasing X(C02) towards vein center is suggested 
by the occurrence of wide zones of the tri-mineralic assemblage Di + Tr 
+ Cal, consistently the widest zone of metasomatic veins and the assem
blage dominating massive skarn. The stability of this assemblage with 

respect to X(CC>2) is best viewed on a log[a(Si02aq)/(7(Si02aq) ]-X(C02)

^Antigorite, not its metastable counterpart chrysotile, is the only 
serpentine-family mineral designated in equilibrium diagrams. The fact 
that thermodynamic data and, thus, stability relations of these minerals 
are quite similar (Helgeson and others, 1978) suggests that no signifi
cant differences in stability relations or equilibrium conditions would 
result by portraying chrysotile as antigorite on equilibrium diagrams.
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diagram such as Figure 30. As seen in the figure, an increase of 
a(Si02) requires a sympathetic increase in X(C02) in order to remain on 
the Di-Tr stability boundary;

Silica and Calcium Activities
The presence of calcite throughout the zonal sequence of meta- 

somatic veins implies that aQa++ was a function of X(C02). The fact 
that a(Si02) and X(C02) appear to be major controlling factors during 
vein formation suggests that a log[a(Si02aq)/g(Si02aq)]-X(CO)2 diagram, 
such as Figure 30, provides the best method for describing phase rela
tions and equilibrium paths under isothermal conditions.

As can be seen in Figure 30, a change in the vein front 
assemblage at a constant temperature (where dolomite is replaced by some 
product mineral + calcite) requires a simultaneous change in a(Si02).
As an example, at 450°C the vein front transition Dol -> Fo + Cal re
quires a maximum log[a(Si02aq)/0(Si02aq)] and X(C02) of -2.68. In 
comparison, the transition Dol -> Tr + Cal requires a minimum 
log[a(Si02aq)/a(Si02aq)] of -2.27.

Data on mass balance presented in Chapter 6 suggest that the 
vein-forming process generally conserved MgO. For this reason, a 
log[a(Si02aq)/a(Si02aq)]-log[aCa++/(Gca++a§+)] diagram (conserving Mg++) 
was chosen to describe phase equilibria in vein systems.

Figure 31 shows the phase relations among phases in the system 

CaO-MgO-SiC^-^O-CC^ at 2 kb, 450°C and a constant X(C02) = 0.010 with 
respect to the variables log[a(Si02aq)/CJ(Si02aq)] and log[aCa++/ 
(0Ca++afl+) 1 • The conditions chosen in Figure 31 allow the
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FIGURE 30. Log[a(S102aq)/a(Si02aq)] vs. X(C02) diagram at 450"C, 2 kb, 
and calcite saturation. A possible solution composition path across a 
typical metasomatic vein shown by arrow. Chondrodite (rather than 
forsterite) stable phase relations shown by dashed stability boundary. 
See Figure 28 for the data sources. See Table I for abbreviations.
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FIGURE 31. Logarithmic activity diagram for the system CaO-MgO-SiOg- 
C02-H20 at 2 kb and 450°C for X(C02) - 0.010. A possible solution 
composition path across the Di + Tr + Cal zone toward a quartz-bearing 
vein center is shown by the arrow (see text for discussion). The 
chondrodite stability field represented by the dot-dashed line. See 
Figure 28 for data sources. See Table I for abbreviations.
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representation of the vein zonation Dol -> Ant + Cal -> Tr + Cal -> Di + 
Tr + Cal, presumably one of the latest (and lowest temperature) sequenc
es to form. At the value of X(C02) represented (0.010), the vein front 
transition Dol -> Ant + Cal would be in equilibrium with a hydrothermal 

fluid where log[aCa++/((XCa++a£+)] ~ 7.4 and log[a(Si02aq)/a(Si02aq)] ~ -
2.4, slightly more than one log unit from quartz saturation.

: ' ■

Activities of Oxygen and Sulfur
General a(02)-£(82) limits during vein and skarn formation are 

provided by application of sulfide-oxide equilibria presented in Figure 
32 to observed assemblages. Conditions for the diagram are 2 kb and 
450°C. Various values of X(C02) are represented by appropriately la
beled graphite stability boundaries.

Petrography hbs shown that coexisting Po + Cpy is by far the 
most common opaque assemblage in veins and skarn. The maximum and min
imum values for log a(02) are broadly constrained by the Po-Mt-Py triple 
point and graphite stability. At 450°C these values are -24 and - -26 to 
-27.5, respectively, depending on X(CC>2) . Log 8.(82) constraints for Po 
+ Cpy stability are the Po-Py stability boundary and the breakdown of 
Cpy to Bn + Po, corresponding to values of -6.0 and -9.0, respectively.

The position of the Po-Mt-Py triple point for a temperature of 
500°C is also shown in Figure 32 by heavy dashed lines. At this temp
erature, the relative a(S2)-a(02) limits for Po + Cpy stability move 
~ 1.5-2 log units higher.
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FIGURE 32. Log a(02)-log a(S2) diagram showing the stability field of 
Po (or Mt) + Cpy at 2 kb and 450"C. O2 and $2 activities are restricted 
to an area bounded by the Bn + Fe-oxide/sulfide - Cpy reactions and the 
Py or Hm stability fields in addition to the graphite stability boundary 
[shown at various X(C02) values]. The heavy dashed lines near the top 
of the diagram represent the Py-Po-Mt triple junction at 500°C. All 
data used in the construction of the diagram is from Helgeson and others 
(1978). Standard state conventions are discussed in text. Po - pyrr- 
hotite, Py - pyrite, Mt - magnetite, Hm - hematite, Cpy - chalcopyrite, 
Bn - bornite.



115
Newberry (1980) suggested that a magma often imposes its oxida

tion state onto the skarns that form adjacent to it. The granodiorite 
which intrudes the dolomite septum may be classified as an ilmenite 
series granitoid (Ishihara, 1981). If a dominant magmatic source for 
skarn-forming hydrothermal fluids is assumed, the mixing of possibly 
more oxidized pore fluids from local metasediments with the reduced 
hydrothermal fluid from the granodiorite may explain the common late 
replacement of pyrrhotite by magnetite observed in skarns.

Sources of Fluorine
In the preceding discussions, equilibrium conditions have 

generally been referenced to forsterite-bearing assemblages (rather than 
chondrodite) for reasons given earlier. A brief study of Table II shows 
that chondrodite, however, is generally more abundant than forsterite in 
metasomatic veins. The fact that fluorine is required to stabilize 
chondrodite raises a question as to its source.

The zone sequences listed in Table II show that both high 
temperature assemblages (Dol -> Con + Cal or Dol -> Fo + Cal) as well as 
lower temperature assemblages (Dol -> Fo + Cal -> Ant + Cal or Dol ->
Con + Cal -> Ant + Cal) were observed to contain chondrodite or forster
ite. This observation suggests time and, as a result, temperature were 
not factors in determining which of the above minerals formed.

The bulk rock analyses listed in Table II may give clues as to 
the source of fluorine. Comparison of fresh granodiorite with pyroxene- 
plagioclase and quartz - sulfide-amphibole endoskarn show that endoskarn 

has lost part or all of its fluorine, depending on endoskarn type.
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Comparison of unaltered graphitic dolomite with altered, bleached dolo
mite shows that the latter has also lost fluorine relative to its 
unaltered counterpart. The mineral apatite was commonly observed in 
both dolomite and granodiorite and is the presumed source of fluorine.

Although not distinguished at outcrop scale, thin sections 
commonly showed linear concentrations of apatite grains along bedding 
planes. The local derivation of fluorine from the alteration of 
possible apatite-rich zones in dolomite is therefore proposed as an ex
planation for spatially variable occurrences of chondrodite and forster- 
ite. Spatially variable occurrences of chondrodite and forsterite may 
have also resulted from local variations in the HF content of the hydro- 
thermal fluid which, in turn, may have been influenced by the amount of 
interaction with endoskarn-derived fluids (assuming a dominant magmatic 
component).



CHAPTER 8

SUMMARY AND CONCLUSIONS

The formation of metasomatic veins and massive skarn in the 
study area resulted from the interaction of a SiO^, Fe, and CO2 
enriched, possibly magmatic, fluid with a relatively pure dolomite. 
Stresses brought about by the cooling and crystallization of the adja
cent granodiorite caused a dominantly NE-trending fracture system to 
develop in the dolomite through which hydrothermal fluid flowed. The 
fluid diffused and/or infiltrated into the dolomite adjacent to the 
fractures creating distinct, metasomatic zones as a result of gradients 
in concentrations of SiG^, Fe, and CO2. Where fracture density was 
high, massive skarn formed by the complete replacement of dolomite 
between adjacent veins.

The chemistry of vein and skarn minerals shows that only Fe and 
F substitute into crystal solutions in any significant amount. The 
distribution of Fe in Mg-bearing minerals closely follows that expected 
if controlled by a gradient in Fe, mainly, Fe content increases toward 
vein center. The distribution of F in OH-bearing minerals follows that 
expected for equilibrium partioning suggesting only a minor, if any, F 
gradient existed during vein and skarn formation.

Mass balance calculations show that the majority of skarn 

formed by processes approximating MgO and volume conservation. Major 
losses accompanying the formation of massive skarn from dolomite are CaO

117
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(-29 percent), CO2 (-95 percent), and P2O5 (-58 percent) whereas SiC^,
Fe (total), and MnO show concentration gains of over 1000 percent.. Where 
metasomatic veins cross areas of calcite marble, no reaction minerals 
form; the apparent immobility of Mg results from the host rock source of 
this component. The gradient in a(Ca++) from dolomite to massive skarn 
varies by less than 1 log unit, also suggesting a dominant host rock 
source for Ca.

Application of phase equilibria and calcite-dolomite thermome
try to vein/skarn assemblages indicates that initial vein formation 
began at T Z 500°C at an estimated 2 kb pressure. The cross-cutting 
relationships and varying mineralogy of veins suggest formation occurred 
over some period of time under conditions of cooling; their narrow width 
implies they formed under isobaric/isothermal conditions. The minimum 
temperature of vein formation is poorly constrained but is estimated to 
be around 420°C.

X(C02) values of the hydrothermal fluid are limited to between 
0.006 and 0.035 at 500°C by the existence of brucite + calcite and 
absence of tremolite + calcite. At 470°C, X(C02) values range from 
0.004-0.018 (depending on frontal assemblage) as a minimum to ~ 0.050 as 
a maximum. Phase equilibria and petrologic observations suggest that 
X(C02) did not exceed z 0.050 during vein and skarn formation.

The confinement of quartz saturation to centers of late veins 
restricts log a(Si02) during skarn fomation to <-1.15 at temperatures 
<500°C.

Skarns in the study area represent fairly reducing conditions; 

log a(02) ranges between -24 to -26 at 450°C.
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The absence of garnet in skarns of the study area evidently 

resulted from a combination of factors not the least of which was the 
very low Fe, Al, and Si02 content of hydrothermal fluid. Garnet was 
only observed in two late cross-cutting veins, which also contained 
plagioclase and/or quartz. Evidently, Fe and Al concentrations high 
enough to stabilize garnet were only reached after skarn formation had
ceased.
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