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Petrogenesis of the Copper-Bearing Skarn at the Mason Valley
Mine, Yerington District, Nevada

Marco T, EINAUDI

Abstract

Skarn formation at the Mason Valley mine occurred at a depth of 2,000 m on the
outer fringe of a contact metasomatic aurcole related to a Jurassic granodiorite to gquartz
monzonite batholith, The skarn is located in Upper Triassic limestone at the contact
with a stratigraphically lower tuff unit and is systematically zoned relative to this con-
tact. The general zonal sequence toward marble is: garnet, garnet-pyroxene-sulfides,
pyroxene-sulfides, tremolite-magnetite-calcite, talc-magnetite-calcite, and dolomite-calcite,
The zones migrated outward with time.

Electron microprobe data indicate that garnets and pyroxenes in the barren garnet
footwall zone have compositions similar to the districtwide early metasomatic hornfelses
and are represented by low-iron diopsides and intermediate grandites. Pure andradite,
as overgrowths and in cross-cutting veins, becomes more abundant as the hanging-wall
skarn is approached. Both garnets and pyroxenes shift abruptly to higher iron contents
in the hanging-wall skarn which formed at the contact between the early garnet zone
and dolomitized limestone. Garnets maintain a constant lower limit of 55 mole percent
andradite and are zoned to pure andradite. Later garnets, contemporaneous with chal-
copyrite deposition, ‘consist of pure andradite. The iron content of pyroxene increases
gradually and systematically toward the marble contact, from an average value of 36
mole percent hedenbergite in the inner garnet-pyroxene zome to 56 mole percent
hedenbergite in pyroxene vein centers on the marble contact, and then drops abruptly to
15 mole percent hedenbergite in vein envelopes. Two generations of amphibole are
represented by: (1) early tremolite (0 to 10 mole percent ferrotremolite) associated
with magnetite-calcite in outermost vein envelopes in marble; and (2) actinolite which
contains the same Fe/Mg ratio as associated pyroxene and is contemporaneous with
chalcopyrite deposition in the pyroxene and garnet-pyroxene zomnes.

The initial silication process, as represented by zoned veins at the marble contact, may
be attributed to isothermal metasomatic diffusion of Ca, Mg, and Si, with X0, decreasing
toward the vein centers. The abrupt appearance of new minerals coincides with the
attainment of appropriate chemical potential values through metasomatism, rather than
the crossing of isobaric univariant T-X¢o, equilibria. Bulk composition gradients are
extreme and are reflected in the rapid increase in iron content of tremolite and diopside
over a few centimeters from vein envelope to vein center.

Within the main skarn zone, which formed at higher temperature and/or lower Xg..
bulk composition gradients are less extreme, and phase-composition trends are opposite
to those that would be predicted by a simple isothermal diffusion model. The gradual
inward decrease in the iron content of salite within skarn zones of relatively constant
bulk composition may have been controlled in part by continuous Fe-Mg reactions.

Comparison with phase-composition data from similar zoned skarns indicates that
variation of phase compositions within zones is a characteristic phenomenon, but that
zonal composition trends in some cases are opposite to those established here.

LAVIV (Bley

Introduction

Turre is a singular lack of investigations aimed
specifically at quantifying the zoning. paragenesis,
and compositions of silicates associated with copper-
bearing skarns. The present paper supplies data and
discussion hearing on this problem with emphasis on
_ﬁel(l relations and chemical composition of coexist-
ing garnet, pyroxene, and amphibole.

’ The Mason Valley mine (MV) is ideally suited
tor study of these aspects of skarn geology because
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its zonal and paragenetic features are relatively un-
ambiguous and simple. The skarn is well exposed
and formed within a small volume of chemically
homogeneous host rock during a single hydrothermal
episode, much as a zoned alteration envelope on a
vein,

The MVM is located in the Yerington district,
Lyon County, Nevada, 2.5 km west of Mason. It
is a small copper-bearing skarn deposit formed by
metasomatic replacement of Triassic imestone on the



I

) N

N

&0

1
7

ey et

VA

v//
-

L

<

T

o

RIS IGIEN

e

5
2 e
oo,

T

A0 aanrsn

outer fringe of a contact aureole related to the Yering-
ton batholith of Jurassic age. The MVM yielded an
estimated 1.5 million tons of 2.5 to 3.0 percent copper
ore in the years 1912 to 1935. It was developed
principally by two adits, the 300 and 400, to a depth
of 175 m below the outcrop. Numerous under-
ground workings expose the skarn zone.

The surface in the vicinity of the MVM was
mapped on the scale 1 in. =400 ft. The 300 and
400 mine levels were mapped on the scale 1 in. =
40 ft. Normal mapping procedures for rock types,
faults, and mineralization were used, and detailed
visual estimates were made of percent garnet, pyrox-
ene, calcite, chalcopyrite, and pyrite. Particular atten-
tion was paid to textures and cross-cutting vein rela-
tions. Channel samples were taken after mapping was
completed and were used to determine the bulk
chemical and modal composition of the various min-
eral zones. Mineral relations were studied in 50 thin
sections, and numerous samples were studied by X-
ray diffraction. The composition of garnets, pyrox-
enes, and amphiboles from selected assemblages in
nine polished thin sections were determined by elec-
tron microprobe analysis.

District Setting

The Yerington district is located 80 km east of
the Sierra Nevada batholith in the western Great
Basin province within a belt of Jurassic intrusives.
One of these intrusives, the Yerington batholith, oc-
cupies much of the northern end of the Singatse
Range. Strongly folded and faulted volcanic and
sedimentary rocks form an east-west-trending sep-
tum 8 km long and up to 3 km wide between the
Yerington batholith and a southern batholith. These
rocks are metamorphosed and locally metasomatized
and are part of a thick sequence of lower Mesozoic
eugeosynclinal rocks forming ‘a broad belt through
western Nevada. A total thickness of about 3,000 m
is exposed in the Singatse Range.

Sedimentary and intrusive rocks

The lower one-half of the lower Mesozoic section
is composed of metamorphosed andesite and rhyolite
flows, breccias, and sediments. A Rb-Sr isochron
age of about 215 m.y., probably Middle Triassic, has
been obtained from these rocks (Proffett, Livingston,
and Einaudi, in prep.). The upper portion of the
section is Late Triassic and Early to Middle(?)
Jurassic. Mappable units 50 to 250 m thick consist
of massive limestones, thin-bedded black calcareous
shales, silicic volcanic sediments and flows, gypsum,
and quartzite. Limestone beds constitute the host
rock for numerous small copper-bearing skarns lo-
cated on the outer fringe of a contact metasomatic
aureole extending 600 to 1,800 m from the Yerington
batholith. :

The Yerington batholith .is formed from an in-
trusive sequence initiated by -the emplacement of a

)

major volume of granodiorite, followed by moderate
amounts of quartz monzonite, and terminated by the
formation of porphyry copper deposits associated
with quartz monzonite porphyry dike swarms within
its central portion, Pyritic quartz monzonite por-
phyry dikes occur throughout the batholith in vary-
ing density, but only a few are found south of the
main contact within the septum of Triassic sedi-
mentary and volcanic rocks. E

Contact aureole

A detailed description and discussion of contact
metamorphism and metasomatism of Triassic rock
in the Yerington district will be presented elsewhere
Only a brief discussion is given here to set the con
text for the MVM skarn. The distribution of meta
somatic rocks and the zoning of mineral assemblages
indicate that the Yerington batholith, rather than the *
southern batholith, is responsible for these effects. -
Metasomatism occurred in two episodes, as first docu-:
mented by Knopf (1918). An early stage produce
garnet-pyroxene hornfelses near the batholith con
tact and recrystallization to hornblende hornfel
facies rocks farther out. Garnets in the metasomatic
hornfelses belong to the grossularite-andradite series
and range from 24 to 68 mole percent andradite. Th
pyroxenes belong to the diopside-hedenbergite serie
and range in composition from 0 to 15 mole percen
hedenbergite. :

Brecciation of these early hornfelses was followe
by formation of more iron rich garnets without py- j
roxene, locally accompanied by pink clinozoisite near3
the intrusive, and by the formation of andradite-J -
salite skarns on the fringe of the metasomatic aureole.
in dolomitized marbles. Six skarn deposits are located;;
in the Triassic septum west of Mason. Two of these, ™
the Douglas Hill and Bluestone deposits, are located"
relatively close to the intrusive contact within the
zone of early garnet-pyroxene hornfelses. Both are
characterized by: (1) relatively low total sulfides,
generally less than 5 volume percent; (2) relatively j
high chalcopyrite/pyrite ratios, generally greater
than 10; (3) absence of magnetite or hematite; (4
a gangue dominated by andradite, with minor epi-:
dote at the Bluestone mine; (5) strong brecciation. |

In a fringe position relative ‘to the andradite-chal-
copyrite skarns are the remaining four producers |
Mason Valley, Western Nevada, Casting Copper,]
and McConnell mines, listed in order of decreasin
production. All four formed in dolomitized mar
on the fringe of the early hornfelses, 1,000 to 2,0
m from the batholith contact. These fringe skarn
are characterized by: (1) relatively high total sul:
fides, in the range 10 to 25 volume percent; (2)
very low chalcopyrite/pyrite ratios, generally lower:
than 1; (3) presence of trace quantities of magnetite
on the marble contact; (4) a gangue dominated by,
coarse, bladed salite and andradite; (5) little or r”
evidence of brecciation..
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a. East-west cross section, looking north. d
East-dipping faults are shown as cut

rawn at right angln_- to the strike of bedding
by the flat Malachite fault, a relation sug-

gested by the lack of offsets of the surface trace of the latter.

b. North-south cross section, looking west.

skarn, The Basalt and Malachite faults may

Locations of cross sections are shown in Figure 1.

Cenozoic structure and depth of formation

Subsequent to the emplacemexﬁ of the Jurassic
batholiths and the formation of the contact aureole
and its associated ore-bearing skarns, there ensued a
jong period of erosion during at least part of the
Cretaceous and the early Tertiary. The resulting
erosion surface was covered during late Oligocene to
early Miocene time by a thick sequence of rhyolitic to
dacitic ignimbrites and andesitic flows and breccias
(Proffett and Proffett, 1976). Basin and range nor-
mal faulting commenced during the final phases of
this volcanic activity in Miocene time. Faulting,
accompanied by westward tilting, occurred on east-
ward-dipping. concave upward, normal faults. An
averace tilt of at least 70° west has heen documented
for the Tertiary ignimbrites. All Mesozoic rocks
are likewise tilted at least 70° to the west (Proffett.
1909, 1972).

drawn parallel to the strike of bedding and
join at depth to form a single spoon-shaped fault.

The present surface, therefore, consists of re-
peated, fault-controlled partial cross sections, The
fault block containing the MV does not include
the lower Tertiary erosion surface. Although a
direct measurement of depth below this surface is
not possible, a structural reconstruction of the
Jurassic configuration of the contact aureole indicates
that the MM was located 1.700 m below the lower
Tertiary surface. This figure represents a minimum
depth of formation. -

The depth of erosion over
during Cretaceous and early Tertiary time is esti-
mated at 500 m or greater. This figure represents the
removal of a minimum of 500 m of volcanic rocks,
which may be extrusive equivalents of the Yerington
hatholith and which are preserved below the lower
Tertiary surface in the Juckskin range, 10 km north-
west of the MM (Proftett, 1909). Recent mapping
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Tavnrr 1. Chemical and Modal Composition of Fresh and Altered Rocks, Mason Valley Mine
MVM-4

Sample no. I-12 -1 MVM-3 MVM-2 Gar-pyx MVM-1 MVM-5 F-10

Rock type Marble Dolomite Pyx Pyx-gar Ore Garnet Gar-epid Tuff
Si0. 0.87 1.84 37.90 31.35 29.61 35.83 39.06 48.10
1104 0.00 0.00 0.05 0.00 0.00 0.04 0.61 1.24
AlLOs 1.91 3.41 2.38 2.97 2.80 4.50 14.16 29.08
Fe:0u (tot IFe) 0.00 0.00 24.12 27.07 20.88 21.76 12.22 11.75
ApO 0.70 11.04 7.10 4.53 2.57 1.95 3.32 0.24
MnO 0.01 0.02 0.15 0.10 0.18 0.08 0.17 0.01
CaO 52.54 41.02 20.58 23.22 23.60 30.91 28.06 1.05
Na.0 0.18 0.41 .38 0.45 0.35 .33 0.49 1.32
K0 0.07 (.11 0.00 0.00 0.00 0.00 0.11 1.98
Cu NA NA 0.05 0.15 2.25 0.24 0.02 NA
S 0.006 0.006 10.08 13.28 10.31 1.41 0.053 0.043
Dr 2.13 2.76 3.15 3.10 3.06 3.03 2.67 2.96
Dim 2.69 2.76 3.54 3.72 3.87 3.46 3.34 2.95
Calcite 94 44 3 6 5 8 5 2
Quartz Tr — 4 — 4] 6 3 20
Dolomite — 54 — — - _ _ .
Pyroxene — — 55 50 10 S 15 Tr
Amphibole Tr — 7 8 5 6 8 —
Garnet — —_ 5 10 52 68 40 —
Plagioclase — — — — - 3 — Tr
Epidote — — — — — — 10 —
Andalusite — — — — — — — 34
Chlorite Tr — — — — 4 10 10
Muscovite — Tr — — — — 5 —
Biotite — — — — — — — 25
Montmorillonite — — 6 2 2 — 4 —
NMagnetite — — Tr — — — — 8
Pyrite — — 20 25 15 2.5 Tr —
Chalcopyrite — — Tr 0.3 5 0.5 — —

Oxides in weight percent, minerals in volume percent. Tr = trace. Dr = measured rock density; Dm = measured mineral
density; NA = not analyzed. Major elements, except Na and Mg, were determined by X-ray fluorescence; Na, Mg, and Cu

by atomic absorption; S by a LECO induction furnace technique.

Mineral percentages based on combined estimates from

thin sections, bulk X-ray diffraction, and computation from chemical analyses.

v . A, Heatwole shows that these volcanic rocks
rest upon early Mesozoic sedimentary rocks equiva-
fent to those immediately below the lower Tertiary
surface near the MV M. The depth of formation of
the MV'M is therefore on the order of 2,200 m,
equivalent to 600 bars lithostatic pressure,

Skarn Geology and Petrology
Sedimentary rocks

Rocks exposed in the vicinity of the DMV M consist
largely of Upper Triassic limestones and volcani-
clastic rocks, which are correlative with part of the
Oreana Peak Formation of the southern Pine Nut
Range (Noble, 1962). These sedimentary rocks
have a northerly strike and dip steeply west. Basin
and range normal faulting has resulted in a complex
outcrop pattern (Fig. 1).

Two sedimentary units are important at the MV M :
a dacitic to andesitic tuff unit and a stratigraphically
higher, thick-bedded limestone unit.

Tuff unit: The tuff unit is 60 to 150 m thick. Its
base consists of interbedded arkosic sandstone, and
tuffaccons argillite, 0 to 15 m thick.  Andesitic to
dacitic tuffs overlie the quartz-hearing clastics. South

of the Malachite fault, where the rocks have suffered
little or no metasomatism, these are mediwm-hedded,
dark-greenish to black, fine-grained hornfelses con-
taining lithic fragments up to several centimeters in
size. The fragments are flattened parallel to bedding
and the tuffaceous groundmass consists of a meta-
morphic aggregate of quartz, muscovite, chlorite, and
magnetite. Andalusite may also he present associ-
ated with quartz, biotite, and magnetite. A chemical
and mineral analysis of the tuff breccia is presented
in Table 1 (No. F-10).

Limestone unit: The massive limestone unit is
240 to 270 m thick. The top of the unit is marked by
a gradation to thin-hedded shaly limestone. The
bulk of the limestone unit consists of massive,
medium- to coarse-grained, gray to white calcite
marble with little evidence of bedding. The marble
is composed of a mosaic of interlocking calcite grains;
quartz is absent or is present only in trace quantities,
and white tremolite or small flakes of pale chlorite
are locally present. The chemical analvsis presented
i Table 1 (No. 1-12) confirms the Jow quartz con-
tent and the absence of dolomite,
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Irregular patches, several meters across, of huff-
weathering dolomitic marble occur within the mas-
sive limestone unit and exhibit some degrec of struc-
tural control.  They often cross-cut bedding and are
probably of metasomatic rather than diagenetic origin.
The dolomite content is extremely wvariable and
rarcly exceeds 60 percent.  Sparse amounts of tale,
chlorite, white mica, and pyrite may be present, and
quartz is absent. A chemical and mineral analysis
of a bulk sample collected 60 m north of the MVM
outcrop is presented in Table 1 (sample F-11).

Jyncous rocks

Intrusive igneous rocks exposed near the MVM
belong to the Yerington batholith of Jurassic age.
The intrusive contact of the hatholith with the Trias-
sic rocks is hidden under the Singatse fault north of
the MVM. This contact is exposed in other fault
blocks to the west, however, and a structural recon-
struction suggests that the MV M was situated about
900 m south of the main contact.

The east-west strike of the intrusive contact within
the tilted fault blocks, and its general east-west align-
ment between fault blocks across the range, indicate
that its pretilt attitude was nearly vertical, and east-
west striking.. The contact zone is highly irregular
in detai]l and consists of abundant granodiorite apo-
physes within-a zone averaging 300 m in width,

Granodiorite:  Granodiorite is exposed north of
the MY'M, in the area of the 300 and 400 level adits
(Fig. 1). Tt is separated from the Triassic rocks
by the Singatse fault, which is an east-dipping, spoon-
shaped, normal fault with 4,000 m of displacement
inan easterly direction (Proffett, 1972). The
granodiorite presently exposed in its hanging wall at
the MV'M was just northeast of the MV M and very
close to the lower Tertiary surface before faulting
and tilting.  The granodiorite wedge is bounded on
the north by the southern portion of another spoon-
shaped fault, the M\'M fault (Figs. 1 and 2).

The granodiorite is fine to medium grained, equi-
granular, with 40 to 50 percent plagioclase, 20 per-
cent alkali feldspar, 10 to 15 percent quartz, and 10
to 20 percent mafic minerals, largely hornblende with
lesser pyroxene and biotite, Accessories include 2 to
+ percent magnetite, 1 to 1.5 percent sphene, and a
trace of apatite and zircon. Local chlorite and
epidote replace plagioclase and mafic minerals, and
th.is type of alteration is generally accompanied by
mnor pyrite,

Quarts monszonite porphyry: Dikes of quartz
Mmonzonite porphyry cut the Triassic rocks in the
vicinity of the MVM (Figs. 1 and 2).  They strike
N 50°-80° W and dip moderately to the northeast.
The porphyry contains phenocrysts of plagioclase,
alkal feldspar, quartz, hornblende, and subordinate

MASON VALLEY MINE SKAKN, NEVADA 775

biotite set in a fine aplitic or aphanitic groundmass of
quartz and alkali feldspar.  They are similar in gen-
cral appearance and mineralogy to the porphyry
dikes which cut the granodiorite hatholith and are
undoubtedly of the same age. The porphyry dikes
have negligible contact effects and appear to postdate
skarn formation.

Zoning, morphology, and struciure

The MVM skarn formed largely in limestone at
the tuff contact (Figs. 1 and 2). The outcrop ex-
tends along this contact for 600 m, with an average
width of 45 m in the northern one-half and 0 to 15 m
in the south. It dips 70° west, parallel to bedding.

The skarn consists of two distinct elements of ap-
proximately equal widths (Figs. 3 to 5). The foot-
wall, or eastern one-half, consists largely of garnet
and contains 1 to 5 percent sulfides (Table 1, MV M-
1). Itisin contact on the east with epidote-grossu-
larite skarn which formed in the tuff unit (Table 1,
MVM-5). The hanging wall, or western one-half,
consists dominantly of garnet and pyroxene and con-
tains an average of 20 percent sulfides. The min-
eralogy and mineral compositions of the footwall
skarn indicate that it belongs to the early stage of
contact metasomatism. It is relatively uniform in
composition throughout, and is referred to below as
the garnet zone. The hanging-wall skarn is late
relative to the footwall skarn. It formed in previ-
ously dolomitized limestone along the outer edge of
the garnet zone.

Mineral zoning in the hanging-wall skarn is, as
might he expected, very pronounced and systematic.
The skarn may be treated as a large, zoned, altera-
tion envelope with the center line located 0 to 15 m
west of the western edge of the garnet zone (Fig. 5).
Proceeding out from the center line to the dolomitic
marble wall rock, the general zonal sequence is: (n
garnet-pyroxene, (2) pyroxene, and (3) marble
contact zones. The marble contact zone contains Py-
roxene veins with zoned tremolite-talc-calcite enve-
lopes. The central garnet-bearing zone pinches out
along the center line to the south. The location of
the footwall garnet zone relative to the hanging-wall
skarn center line resulted in an asymmetric zonal
development. The pyroxene and marble contact
zones are best developed on the west.

The silicate zonal pattern and skarn morphology
reveal that the dominant direction of flow of the
metasomatic fluid was southward, away from the
northern batholith contact, along a faulted and brec-
ciated tuff-limestone contact during the early stage,
and along bedding planes in marble during the for-
mation of the hanging-wall skarn. The skarn fingers
out along bedding to the south and consists of steeply
west-dipping cale-silicate hands 2 to 10 m wide sepa-



MARCO T. EINAUDI

? 3-18 (200 ft. south)

PLAN MAP
300 LEVEL

100 FEET
_

3
===t

10 o] 10 20 30

40 METERS

.

4, Plan map of a portion of the 300 level, Mason

Valley mine. Symbols are the same as in Figure 3.

HANGINGWALL FOOTWALL
SKARN SKARN
- b J.. 444 |
i, N 0000000
=2 N\\\ez
'=/\<~ 3 ‘Zone °'-’$}
- Gornet -

%
.

il
NN

LIMESTONE
TUFF

jigpatl
SO

.

N,
AN
'~

\:\‘S.Sig\\s‘\:\

’
757 GARNET
ZONE

L
\»

il
>
V%
W)

DOLOMITIC
MARBLE

il
D)
N

Ql\\l\\-
N2
RN
i

4
f II
dl
4
) |I|
|
P ||
P2
2a

|

\!\\\
AN

@ Chalcopyrite
Concentrations

=1 TREMOLITE - TALC

E PYROXENE
% GAR/GAR « PYX =0.1- 0.4
&\\\\\\\: GAR/GAR +PYX =0.5-0.1

Hangingwell Skarn
I Center - line

Schematic map of mineral zoning and morphology.

Fic. 5.
Length of skarn shown is approximately 150 m.

rated by marble. Movement of fluid at right angles
to bedding was largely fracture controlled. Evidence
of preskarn fractures exists only on the outer con-
tact where silication is not pervasive and where calc-
silicate veins up to several centimeters wide criss-
cross the dolomitic marble. Continued fracturing
during skarn formation is indicated by late silicate-
sulfide assemblages cementing early assemblages
within the hanging-wall skarn zone, and by veins of
garnet cutting the footwall skarn.

Postskarn faulting had only a minor disruptive
effect on the skarn zone. The oldest faults in the
mine, which may be pre-Tertiary in age, strike north-
south parallel to bedding, and dip 55° to 70° east.
These faults have normal dip-slip displacements of 5
to 25 m, and offset ore zones and silicate zonal pat-
terns. The youngest postskarn structure, which oc-
curs near the north end of the skarn exposure, con-

sists of a 50° south-dipping fault which offsets the |

skarn 75 m in a left-lateral sense. This fault zone
was intruded by a swarm of basalt dikes, 0.5 to 1.5
m thick, which may have been feeders for the Plio-
cene hasalt flows that cap the hills south of the MVM.
Postdike movement is indicated by fault gonges along
the dike contacts which contain southeast-plunging
mullions. These mullions suggest that the last move-
ment was in a direction compatible with an origin for
the Basalt fault as the northern segment of an east-
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Time increases downward in cach column,  Time comparisons

Phases are listed in order of decreasing abundance and parentheses indicate minor or trace

constitutents,

Hanging-wall skarn

Garnet-pyroxene Footwall skarn

Marble zone Pyroxene zone zone Garnet zone

Cc(Ch)
DoCe
Cc’lr(Chla)
DiCce
GrDiCce
GrQzCe(Py)
CcQzChEply

CcTa(Ch)

TaCcM1(Ch)

N

Tr(CcMt .

DiTrCe(MtHm) 17CcDo DiCcPy (MtHm) SaPy (Ce)

DiCcPy (MtHm) SaPyCce(MtHm) GrSaPy(Cc)

SaCcPy(MtHm) AcSaPvCoC AdPyCpCc GrCcQzPy

cSaPyCpCc

AdCcPy (Cp)

» ;&lﬁ)reviations as in Table 3, with addition of Ch = chlorite, Ep = epidote, Gr = granditc.

dipping, spoon-shaped, normal fault (Figs. 1 and 2).
Locally, basalt dikes display sharp intrusive contacts
against the skarn, but no influence on the skarn as-
s;'mh]agc can be detected. North of the Basalt fault,
the skarn disappears under the north-dipping Singa-
tse fault,

Paragenesis and mineral compositions

Though some veining of skarn by later silicates is
visible underground and in hand specimen, the per-
vasive and repetitive nature of fracturing and reheal-
ing becomes apparent only in thin section. Through-
out the skarn, the overgrowths, cementing materials,
or veins have (1) higher garnet/pyroxene ratios,
(2) higher iron content in garnet, (3) higher chal-
copyrite/pyrite ratios, and (4) larger grain sizes
than the early assemblages, fragments, or wall rock.
In both early and late assemblages in the hanging-
wall skarn, the garnet/pyroxene and chalcopyrite/
pyrite ratios decrease to the south and toward marble.
The present skarn pattern, therefore, is the result of
zonal growth outwards, with continued fracturing
having enabled solution flow,

Textures and mineral relations within the four
skarn zones (garnet, garnet/pyroxene, pyroxenc,
marble contact) are illustrated in Figures 6, 8, and
. The sequence of formation of mineral assemblages
is summarized in Table 2, and the compositions of
garnet, pyroxene, and amphibole are summarized in
Tables 3, 4, 5, and 6 and Figure 7. Garnet, pyroxene,
and amphibole were analyzed for Al, Fe, and Mg
by electron microprobe (Applied Research Labora-
tories, EMX) using standard techniques. Three
chemically homogeneous clinopyroxenes were used
as standards.  These range in total Fe as FcO from
24 10 24.0 weight percent, ALO;s from 0.6 to 9.4
weight percent, and MgQ from 0.7 to 19.9 weight
pereent. . Background corrections were applied to all

data. Drift corrections were obviated by the use of
fixed beam current rather than fixed time to integrate
intensities over an average time of 10 sec. No other
corrections were applied to the data. Microprobe
wavelength scans indicate that garnet, pyroxene, and
amphibole are members of the grossularite-andradite,
diopside-hedenbergite, and tremolite-ferrotremolite
solid solution series, “respectively. The composition
of these phases will be referred to below in terms of
mole percent of the iron end members: andradite
(Ad), hedenbergite (Hd), and ferrotremolite (Ft).

Garnet sonc: Overall, the zone contains 70 per-
cent garnet, 10 percent pyroxene, and minor quartz,
calcite, amphibole, plagioclase, chlorite, and pyrite
(Table 1, MV]M-1). Total sulfide abundance is in
the range 2 to 4 percent, and the chalcopyrite/pyrite
ratio averages 0.2. Faint relic bedding in the garnet
zone is expressed by varving proportions of garnet
and pyroxene and varving grain sizes. This zone
consists predominantly of pale grav-green and buff,

TaBLE 3. Some Common Skarn Minerals in the System
Ca-Mg-Fe-Si-Cu-5,-0,-C0O»-H:0. Minerals in parentheses do
not occur at the MV'M.

hematite Hm Fe,0;

magnetite Mt FeaOy4

pyrite Py FeS.

chalcopyrite Cp CuFeS;

calcite Cc CaCO;,

dolomite Do CaMg(COs).
quartz Qz SiO.

(wollastontte) Wo CaSiO;

(forsterite) Fo Mg.SiO,

tale Ta h1g35i4010(0H )2
tremolite Tr CasMg:Sis022(OH).
actinolite Ac Ca: (Mg, Fe):SigO2: (OH),
(ferrotremolite) F1 CasFe;Si022(OH ),
diopside Di CaMgSi0g

salite Sa Ca (Mg, Fe)Si0y
(hedenbergite) Hd Cal'eS1,04
andradite Ad

CZ\ 3I:CQSi 3()12
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A. Specimen 3-12A, footwall skarn. Early grandite-diopside assemblage (1) with grandite calci
crystals zone from anisotropic cores (Ads.w) to isotropic, strongly banded rims (Ada) (2), the 1
overgrown by isotropic andradite (Adwa) (3) plus calcite and cut by late grandite (Adiiz) (Fta,
vein (4) with final andradite-quartz-calcite filling. D.
B. Specimen 4-3A, hanging-wall skarn, garnet-pyroxene zone. Early fragments (1) of pyrit
grandite (Adw-0) -salite (Hdues:)  cemented by isotropic andradite plus chalcopyrite "(3). or p

Fragment boundaries (2) are lined with coarse-grained salite crystals whose growth terminated parti
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cloudy, largely anisotropic garnet crystals 0.2 to 1.0 sion. These inclusions are concentrated in the cores

mm in diameter which contain small ragged inclu-
stons of pyroxene 0.02 to 0.5 mm in longest dimen-

of the garnet crystals, suggesting that pyroxene was
no longer forming during the final stages of garnet

at time of final Ad-Cp filling. Fragments and matrix are cut by andradite-chalcopyrite vein
)

C. Specimen 3-50, han

(Ads)-salite (Hdw-es) veins (1) with

altered pyroxene skarn (3).
calcite contain andradite envelopes in grandite (4) an
the point where the veinlets enter the pvroxene skarn
(Ftu-w) and large patches of actinolite (Ftaia0) -chalcop

D. Specimen 3-15, hanging-wall skarn, pyroxene zone. Salite (1)-calcite (2)-m
Magnetite growth appears to have been controlled by

pyrite (4) assemblage. ) { y
Actinolite (5) is intergrown with chalcopyrite and

or pscudomorphs specular hematite.
partially replaces salite,

Later andradite (Ade

ging-wall skarn, outer portion of garnet-pyroxene zone.

Grandite

andradite (Ads) centers (2) cut fine-grained, clay-

) veinlets with local chalcopyrite and
d actinolite envelopes in salite (5). At
(6) the vein filling changes to actinolite
yrite appear.
agnetite (3)-
calcite cleavage



MARCO T. EINAUDI

780 A
TABLE 4. Partial Microprobe Analyses of Garnet (expressed as wt )
tot Fe as
Zone Sample no. Grain no. No. anal. Al:O; Fe03 MO Nad Range in Nag
G 4-4 2A 9 13.5 12.0 0.01 0.36 0.33-0.41
G 4-4 2B 9 13.9 11.2 0.01 0.34 0.29-0.37
G 4-4 2C 5 14.1 11.2 0.01 0.34 0.29-0.37
G 3-6 1A 15 11.0 15.0 0.02 0.46 0.34-0.73
G 3-6 1A core 9 12.9 12.4 0.01 0.38 0.34-0.45
G 3-6 1A rim 6 8.0 18.9 0.04 0.60 (.49-0.73
G 3-6 1B 7 0.8 29.6 0.00 0.96 0.84-1.0
G 3-12A 2A 6 0.02 30.5 0.03 0.96 0.99-1.0
G 3-12A 2B 5 0.00 30.9 0.00 1.0 nonc
G 3-12A 2C 17 7.9 19.5 0.00 (.61 0.48-0.70
G 3-12A 2D 5 0.43 30.4 0.00 0.98 0.94-1.0
G 3-12A 3B 6 0.00 31.0 0.01 1.0 none
G-P 4-3A 1A 6 9.0 17.6 0.00 0.55 0.54-0.57
G-P 4-3A 1B 6 0.16 30.4 0.01 0.99 none
G-P 4-3A 1C 5 0.23 30.3 0.00 0.99 0.98-1.0
G-P 4-3A iD 4 1.0 29.4 0.01 0.95 0.91-0.98
G-P 3-50 1A S 8.9 17.8 0.01 0.56 0.55-0.57
G-P 3-50 1B 5 3.3 26.2 0.02 0.83 0.83-0.84
G-P 3-33 2A 15 5.4 23.1 0.00 0.73 0.53-0.99
G-P 3-53 2A core 10 7.3 20.2 0.00 0.64 0.53-0.77
G-P 3-53 2A rim 5 1.5 28.9 0.00 0.92 0.83-0.99
lZope abbreviations: G = garnet, G-P = garnet-pyroxene, Xaa = mole fraction andradite in andradite-grossularite solid
solution.
growth, The pyroxene is commonly altered to Dbrown garnet. The final vein fillings consist of iso

a fine-grained mixture of amphibole, calcite, and
quartz. Small, infrequent vugs, lined with coarser
euhedral garnet crystals, are filled with calcite and
quartz and may contain minor amounts of chlorite,
epidote, and pyrite. Overgrowths and large patches
of glassy yellow-brown garnet are locally abundant.
This garnet contains little or no pyroxene and is as-
sociated with calcite and quartz vug fillings with
sparse pyrite and chalcopyrite and without epidote
or chlorite. As the hanging-wall skarn is approached,
rare veinlets of pink anisotropic garnet, up to 5 mm
wide, cross-cut both the early buff and later yellow-

tropic brown garnet, calcite, and rare quartz with

few grains of chalcopyrite and pyrite. These garne}

age relations are unambiguous mappable features an
are illustrated compositionally by samples 3-6 (Fig
7) and 3-12A (Figs. 6A and 7).

Microprobe analyses of selected assemblages fro
three samples of the garnet zone are summarized i
Figure 7. The average composition of four pyroxen
grains is Hdyo. Wide compositional variation withi
single crystals is unsystematic and may in lar
part be due to partial equilibration with later fluid
which deposited garnet alone. For example, sampl

TaBLE 5. Partial Microprobe Analyses of Pyroxene (expressed as wt )
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No. tot Fe as
Zone Sample no.  Grain no. anal. Al O; FeO MgO XBd Range in Xpqa
G 4-4 3-B 6 0.15 5.6 12.8 0.20 0.16-0.25
G 3-6 1-C 2 0.11 3.3 16.1 0.10 0.09-0.12
G 3-6 1-D 4 0.65 0.32 19.7 0.01 0.004-0.02
G 3-6 1-E 4 0.07 2.8 16.1 0.09 0.07-0.11
G 3-12A 3-A 9 0.03 4.2 15.5 0.13 0.04-0.23
G-P 4-3A 1-E 6 0.02 10.1 11.2 0.34 0.32-0.41
G-P 4-3A 1-F 6 0.06 10.8 10.4 0.37 0.35-0.40
G-P 3-50 1-D 4 0.04 11.1 9.9 0.39 0.35-0.42
G-P 3-50 1-G 5 0.03 11.2 9.5 0.40 0.37-0.45
G-P 3-53 1-A 7 0.30 0.17 19.2 0.005 0.002-0.006
G-P 3-53 1-B 6 0.11 13.3 8.2 0.48 0.41-0.54
G-P 3-53 2-B 6 0.08 12.1 9.1 0.43 0.37-0.51
P 3-55 1-A 7 0.21 13.4 8.2 0.48 0.39-0.57
P 3-55 1-B 5 0.12 14.5 1.5 0.52 0.43-0.60
P 3-18 1-A 6 0.19 12.9 8.9 0.45 0.44-0.50
P 3-18 2-A 7 0.18 13.3 8.7 0.46 0.44-0.50
M 3-72A 1-A ] 0.16 15.2 6.7 0.56 0.51-0.61
M 3-72A 1-B -6 0.27 6.8 13.1 0.23 0.14-0.37

Zone abbreviations: G = garnet, G-P = garnet-pyroxenc, P = pyroxene, M =

in diopside-hedenbergite solid solution.
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3-0 contains carly anistropic garnet cores .(A(];;H)
which contain pyroxene inclusions ranging in com-
position from Hdoq to Hdy.  Where the pyroxene
grains extend bcyo?ld thc-curly garnet crystals npd
are overgrown by isotropic yellow-brown andradite
(Adyuo), their composition ch:mg('s.to H(an.in
patchy arcas C()l)CCl']lI'ill(’(]. along grain boundarics,
Other pyroxene grains which are wholly surrounded
and largely replaced by pure andradite (sample 3‘—
12 ) may show an unsystematic range in composi-
(i(,“ frmn }'1(].1 to :Hd-_n:;.

Larly buff garnets are cither relatively homoge-
neotts i composition (sample 4-4, with a range of
Adgs 1) or are zoned from aluminum-rich cores to
;nm—rich rims (sample 3-6, zoned from Ady, to
Adsp). The more iron rich hands are isotropic,
whereas the more aluminum rich bands tend to be
amsiropic.  Yellow-brown andradite (Adje) over-
growths (Figs. 8D, 8E, and 8F) may contain thin
;nisotropic bands of Adsy_9e. The thin garnet vein-
lets which cut the buff and yellow-brown garnet near
the contact with the hanging-wall skarn contain pink
anisotropic garnet with an average composition of
Adg and a final vein filling with the composition
Adys (sample 3-12A, Figs. 6A and 7).

Two distinct cycles of garnet growth are indicated
Iy the above data. The first cycle, represented by
the buff and vellow-brown garnets, started at about
Adye and evolved to pure andradite. During this
tirst cycle, pyroxene growth terminated as garnets
reached a composition of about Adss. The second
warnet cycle, represented by the veinlets, started at a
Ligher iron content of about Ad., and evolved to
pure andradite.  Pyroxene did not form during the
~ccond cycle,

Garnet-pyroxene zone: The central zone of the
hanging-wall skarn, which at the northern end of the
MV'M is in contact on the east with the garnet zone,
consists predominantly of garnet, pyroxene, and sul-
hdes (Table 1, MVNM-4, MV'M-2), It has a very
different aspect when compared with the garnet foot-
wall zone: relic bedding is absent, grain sizes and
«ulfide abundance increase abruptly, and dark-green,
coarsely bladed pyroxene appears with brown garnet,
Maximum  chalcopyrite deposition occurred in this
mixed garnet-pyroxene zone, Total sulfide abundance
~around 15 to 20 percent and the chalcopyrite/py-
rite ratio approximates 0.3 in the central portion of
the zone and decreases to 0.1 in the outer transition
to the pvroxene zone. Pyrite is disseminated through-
“ut and shows no preference for a particular silicate
wssemblage, although it is locally more abundant in
Pyroxene than in cross-cutting garnet. Chalcopyrite,
wariably accompanied by pyrite, occurs in direct
~ociation with ate isotropic garnet and calcite in
i eentral portion of the zone, and with isotropic
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garnet, amphibole, and calcite in the outer transition
zone.  Chalcopyrite rarely occurs in direct contact
with pyroxenc.

Although the relative proportion of garnet and
pyroxene is extremely variable in hand specimen,
there is an overall decrease in the garnet/garnet +
pyroxene fraction from 0.75 in the central portion of
the zone to 0.25 in the outer portion.  Anhedral
pyroxene inclusions, 0.1 to 1.0 mm in size, are con-
centrated in the cores of anistropic brown garnet
crystals which average 1 to 2 mm in diameter. This
carly assemblage, which constitutes some 60 to 80
percent of the total rock, often occurs as fragments a
few centimeters in size cemented by a coarse matrix
of pyroxene and garnet (Fig. 6B). The pyroxene
crystals grew outward from the fragments and char-
acteristically attained lengths of 1 to 3 mm. Zonal
anisotropic banding in the garnet associated with the
euhedral pyroxene also indicates growth outwards
from the walls of the fragments. The final matrix
filling generally consists of unzoned isotropic garnet
without pyroxene and associated with calcite, quartz,
and sulfides. This final garnet-sulfide generation
also occurs as cross-cutting veins up to 5 cm wide,
and late isotropic garnet preferentially replaces large
pyroxene. crystals enclosed in anisotropic garnet
(Figs. 8G, 8H, and 8I).

The boundary between the garnet-pyroxene zone
and the pyroxene zone is gradational and marked by
the gradual disappearance of the late garnet-chalco-
pyrite association and by a gradual decrease in gar-
net/pyroxene ratios in both wall rock and veins,
Amphibole appears in association with isotropic gar-
net envelopes on chalcopyrite grains. Anisotropic
garnet is largely restricted to garnet-pyroxene veins
which cross-cut pyroxene-calcite skarn, Rare, thin
veinlets of isotropic garnet with chalcopyrite and py-
rite cross-cut the garnet-pyroxene veins; abundant
chalcopyrite is generally concentrated at the point
where these veinlets enter the pyroxene wall rock,
and the associated silicate changes from garnet to
amphibole (Fig. 6C). These veinlets reflect the over.
all MVM pattern in which maximum chalcopyrite
deposition occurred between the garnet zone and the
pyroxene zone. They also conclusively demonstrate
the direct genetic association of chalcopyrite with:
(1) garnet, (2) garnet + amphibole, and (3) amphi-
hole, on proceeding out toward marble. All three of
these ore-bearing assemblages resulted from the Te-
placement of earlier pyroxene or pyroxene -+ garnet
assemblages.

Coarse-grained pyroxenes in the garnet-pyroxene
zone are considerably more iron rich than pyroxenes
in the garnet zone. The average composition of sjx
pyroxene grains from three samples (4-3A, 3-50,
and 3-53) is Hdy (Fig. 7). The average iron con-



MARCO T. EINAUDI

782
O R
Zone Sample
G-P 3-50
G-P 3-50
G-P 3-50
P 3-55
N 3.72.

Zone abbreviations: €
[(.rrmrcmolltc solid solu

tent increases syster
skarn center line or -
ratios, from Hdge ir
to Hdy; in the outer

Early anisotropic
pyroxene is ge_nera]];
This composition ra
garnet in veins whic
is probable that the
the hanging-wall sk
footwall skarm, If
pyroxene crystals ¢
equilibrium with co:
and if the garnet-1
footwall skarn are
evident that anisotre
pyroxene display a
toward marble.

l.ate isotropic ga
and replacing pyro.
Aday to AAleO. Py]
by this garnet shov
content.  For exany
pyroxene crystal of
rounded by garnet
pyroxene grain of
originally enclosed
Nilyae

Fic. |
soclatio
A. M

zone. (
average

lower r

grown
recogni

and pa
skarn, §
H. ¢
Al rich
1. T

characs




- MASON VALLEY MINE SKARN, NEVADA 783

TABLE 6. Partial Microprobe Analyses of Amphibole (expressed as wt %)

e
No. tot Fe as )

Zone Sample no.  Grain no.  anal. Al;O; FeO MgO Xre Range in Xy,
TGP 3.50 1-C 5 0.52 14.0 13.8 0.36 0.34-0.39
G-P 3-50 1-E 8 1.1 14.0 13.1 0.38 0.34-0.39
G-P 3-50 1-F 5 0.54 13.8 13.4 0.37 0.36-0.37
3-55 1-C 8 0.29 15.7 11.5 0.43 0.39-0.46
3-72A 1-D 6 0.25 4.8 20.4 0.12 0.11-0.12

ferrotremolite solid solution.

tent increases systematically with distance from the
skarn center line or with decreasing garnet/pyroxene
ratios, from Hdsg in the central portion of the zone
to Hdys in the outer transition to the pyroxene zone,

Early anisotropic garnet associated with coarse
pyroxene is generally zoned from Ad;, to about Adss.
This composition range is similar to that of the pink

rmet in veins which cut the garnet footwall, and it
is probable that these veins represent an overlap of
the hanging-wall skarn mineralization onto the early
footwall skarn. If the compositions of the coarse
pyroxene crystals are taken to repr'esent.chemical
equilibrium with contemporaneous anistropic garnet,
and if the garnet-pyroxene compositions from the
footwall skarn are also considered, then it becomes
evident that anisotropic garnet and contemporaneous
pyroxene display a mutual increase in iron content
toward marble.

Late isotropic garnet associated with chalcopyrite
and replacing pyroxene varies in composition from
Adys to Adigo. Pyroxene which is largely replaced
by this garnet shows no significant increase in iron
content. For example, sample 4-3A contains a coarse
pyroxene crystal of composition Hdss which is sur-
rounded by garnet of composition Ads;. Nearby, a
pyroxene grain of composition Hds; which was
originally enclosed in Adj; is largely replaced by
Adm}.

Zone abbreviations: G-P = garnet-pyroxene, PP = pyroxene, M = marble. Xp¢ = mole fraction ferrotremolite in tremolite-

Rare pyroxene crystals in the transition to the
pyroxene zone and in the pyroxene zone itself con-
tain core zones with a different extinction angle than
the rims. One such grain (sample 3-53) contains a
core of composition Hdo s irregularly rimmed by
Hdys (Figs. 8A, 8B, and 8C). Such low-iron cores
are presumed to represent an early stage of pyroxene
growth which was largely obliterated within the
central skarn zones, but which is preserved in the
marble contact zone,

Actinolite associated with Adgz and chalcopyrite
along veinlets in pyroxene (sample 3-50, Figs., 6C

~and 7) has approximately the same Fe/Mg ratios

(Ftss-30) as the associated pyroxene. )
Pyroxene zone: The outermost silicate zone at the
MVM- consists largely of coarse, dark-green py-
roxene (Hdyy) and pyrite (Table 1, MVM-3). Large
patches of calcite are of common occurrence, and
these may contain minor amounts of quartz and
magnetite pseudomorphous after specular hematite.
Local spots and disseminations of chalcopyrite are
present, and these invariably contain coarse needles
of actinolite (Ftsg_s6), some of which have replaced
early pyroxene, especially where the latter abuts
against chalcopyrite (Fig. 6D). The associated
pyroxene, which rarely is in direct contact with chal-
copyrite, displays a wide range in composition, from
Hdg to Hdeo (sample 3-55). Pyroxene associated

F16. 8. Microphotographs and electron beam scanning pictures of garnet and pyroxene as-

sociations.

A. Microphoto of pyroxene grain from specimen 3-53, hanging-wall skarn, garnet-pyroxene
zone. Crossed nicols reveals core zone (gray) with d}fferent extinction ar]gle than rim (black).
B. X-ray scan displays intensity of Mg Ka radiation from area of Figure 8A. Core zone

averages Hdos, whereas rim averages Hd.s.

C. X-ray intensity display of Fe Ka radiation from area of Figure 8A. Pyrite grains in
lower right are recognized by their high Fe content.

D. Microphoto of garnets from specimen 3-6, footwall skarn.

E. X-ray intensity display of Al K« radiation from the area of Figure 8B reveals relatively
Al rich zoned garnet (Ads-=s) in lower half of picture.

F. Fe'Ka radiation from area of Figure 8B reveals Fe-rich garnet (Adiw) which has over-
grown and veined (arrows) earlier zoned garnet. Pyroxene grain in upper left (black) is

recognized by its low Fe content.

G. Microphoto of pyroxene crystal (white) enclosed in anisotropic garnet (banded, gray)
and partially replaced along rim by isotropic garnet (black). Specimen 4-3A, hanging-wall

skarn, garnet-pyroxene zone. Crossed nicols.

H. Al Ke radiation from area of Figure 8C reveals that the enclosing garnet is relatively

Al rich and homogeneous (Adsi:).

1. Fe Ka radiation from area of Figure 8C reveals that the isotropic garnet (arrow) is
characterized by relatively high Fe content (Adusss).
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summary of paragenesis and zoning,
Mineral abbreviations are listed in
Pyrite occurs throughout.

Fic. 9. Schematic
hanging-wall skarn.
Table 3. Scale is variable.

with calcite or calcite plus pyrite is significantly more
homogeneous and less iron rich (Hdsss0, sample 3—
18).

Marble contact zone: Beyond the edge of the mas-
sive pyroxene skarn, pyroxene veins extend into the
dolomite-calcite marble. - These veins, which may be
a few centimeters to a meter wide, consist largely of
irregular, alternating bands of coarse-grained dark-
green pyroxene (Hdse) and fine-grained pale-green
pyroxene (Hdgs). The latter bands do not contain
calcite. A layer of coarse pyroxene generally occu-
pies the vein center and is associated with calcite
patches up to 1 cm in size. Anisotropic garnet crys-
tals are also rarely present in the vein centers, especi-
ally near the pyroxene zone contact. Pyrite is ran-
domly disseminated throughout the pyroxene in
amounts ranging from 1 to 5 percent, and magnetite,
generally associated with calcite-pyroxene, is present
in trace amounts.

Pale-green to black envelopes, 1 to 10 mm wide,
separate the pyroxene from the dolomitic marble
(Fig. 9). These envelopes consist of sequential layers,
with knife-edge boundaries, of (1) tremolite, (2)
talc, (3) magnetite, and (4) calcite, out toward mar-
ble. The talc and magnetite zones are absent in some
vein halos. The tremolite zone consists of radial
aggregates and interlocking needles of tremolite, 0.05

to 0.5 mm in length (Ft7). It contains sparse
amounts of pyrite and calcite and rare concentrations
of magnetite grains at the inner contact with py-
roxene. The talc zone is monomineralic, and con-
sists of felted aggregates up to 0.4 mm long arranged
at right angles to the zone boundaries. The mag-
netite zone may be represented by a single layer of
magnetite grains 0.05 mm in diameter separating talc

EINAUDI
from talc-calcite, or it may constitute a zone up to 1;
mm wide in which magnetite grains are disseminated :
in a microcrystalline aggregate of calcite and talc.]
Minor, coarse tremolite needles are also present, and}
flaky aggregates of chlorite are aligned parallel to theg
vein boundary. The outermost calcite zone consists;
predominantly of 0.1- to 0.2-mm domains of finely re-
crystallized 0.01-mm  turbid calcite grains which¥
contain minor talc and chlorite. The contact with g
dolomitic marble, which contains dolomite, calcite,
and sparse chlorite, is sharp. A
Some inner zone minerals transgress outer zones,'
along fractures. In a few cases, talc veinlets extends
through magnetite into the calcite zone, More com-§
monly, tremolite cuts across both the talc and thej
magnetite zones and extends out into dolomitics
marble where it generates calcite-tremolite envelopes;
Locally, tremolite is in direct contact with both calcite;
and dolomite. These relations indicate that: (1) the ]
magnetite zone is an early feature that was locally
overgrown during continued talc formation and did]
not continue to form as talc moved out; and (2) talc]
though it continued to form after magnetite had}
stopped depositing, is also early relative to some of4
the tremolite. The talc and magnetite zones did not}
constitute part of the mineral zoning sequence during}
the later stages of development of the pyroxene-§
tremolite veins. -
The critical assemblages which formed in the py
roxene vein envelopes are: (1) diopside-tremolite-]
calcite; (2) tremolite-talc-calcite; and (3) tremolite-]
dolomite-calcite. The dominant mode of occurrences
of these phases on the scale of several millimeters,]
however, is as one- or two-phase assemblages in the]
pyroxene, tremolite, and tale zones, and the three-§
phase assemblage tremolite-talc-calcite (plus mag-§
netite and/or chlorite) in the magnetite and calcite:
zones. Diopside is nowhere in contact with talc or]
dolomite, and talc does not occur with diopside o
dolomite. Calcite is present throughout. .
On the far edge of the dolomitic marble zone, where]
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Summary: The early hornfels stage of contad
metasomatism is represented at the MVM by thi
footwall skarn. In this zone, low-iron pyroxeff
(Hd;2) and relatively aluminum rich garnet (Adsd
s0) formed together and were later overgrown by
more iron rich garnet without pyroxene. During
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was veined by a second cycle of garnet deposition
which evolved from Adge to Adieo _and was locally
accompanied by pyrite and chalcopyrlte.

On the marble side of the hanging-wall sk.a.rn, .cal-
cite-talc-magnetite formed early during the 51]1cat19n-
mineralization cycle and was replaced on.the vein-
ward side by relatively low iron tre1}1011tc (.Ft-;).
Talc-calcite or tremolite-dolomite-calcite cc.mtmqed
to form from dolomitic marble as the tremolite veins
extended beyond the magnetite zone. Pyroxene fm_'-
mation was initially characterized by abrupt rhythmic
fluctuations in grain size and composition, but as the
silication process continued pyroxene compositions
became relatively homogeneous in the range Hdgo-g0.
Early, low-iron cores were rarely preserved. The
tremolite-dolomite-calcite ~ assemblage  presumably
continued to form on the marble contact as it was
replaced on the skarn side by pyroxene-calcite.
Sparse amounts of magnetite and local specular
hematite continued to form during this stage, but the
evidence on pyrite is inconclusive.

As early garnet (Adss) began to form on the vein-
ward side, the iron content of the associated pyroxene
progressively dropped from Hdys to Hdss, magnetite-
hematite disappeared, and pyrite appeared in abun-

dance. Continued anisotropic garnet growth (Adeo-

«0) was accompanied by fracturing and local breccia-
tion of both pyroxene-pyrite and garnet-pyroxene-
pyrite and an increase in garnet/pyroxene ratios.
Calcite and local calcite-quartz were deposited inter-
stitially to final breccia fillings of coarse euhedral
garnet without pyroxene. Early anisotropic garnet
does not extend beyond the outer edge of the pyrox-
ene zone, but it is locally present in pyroxene vein
centers in the marble zone. This relation suggests
that early garnet was part of the process of zoned
skarn formation and that its growth on the veinward
side was coincident in time with the continued out-
ward growth of the pyroxene, tremolite, and talc-
calcite or tremolite-dolomite-calcite zones.
Chalcopyrite deposition, accompanied by addi-
tional pyrite, commenced with the final stages of
silication in the hanging-wall skarn. The vast
majority of the chalcopyrite is directly associated
with andradite-calcite overgrowths and veins in the
central portion of the garnet-pyroxene zone. Py-
roxene growth in this portion of the skarn had
terminated, and pyroxene crystals were partially re-
placed by andradite. In the pyroxene zone, minor
chalcopyrite deposition was accompanied by actino-
lite rather than andradite. This process also resulted
in the partial destruction of pyroxene. Andradite-
actinolite-chalcopyrite-calcite assemblages are rare

and spatially restricted to the outer garnet-pyroxenc
zone,

MASON VALLEY MINE SKARN, NEVADA

Petrogenesis
Contemporancity of zone development

The identification of relative-age criteria applicable
to zonally arranged alteration has been elegantly
treated by Meyer and Hemley (1967): ‘. . . the
simple geometry of the banded zonal pattern is un-
obligingly ambiguous” (p. 181). Two specific field
relations at the MVM shed light on the problem:

(1) Garnet-pyroxene veins cut pyroxene rock.
This fact implies that the garnet-pyroxene zone en-
croached on the pyroxene zone, but it does not re-
quire the entire garnet-pyroxene zone to be later
than the entire pyroxene zone. The two zones could
have developed contemporaneously, a choice sup-
ported by the fact that nowhere does the garnet-
pyroxene zone cut across the pyroxene zone and en-
croach directly onto unsilicated marble—the two
zones are ubiquitously concentric (cf. Meyer and
Hemley, 1967).

(2) TrCc veins cut the outer Ta and TaMtCc
zones and encroach directly onto unsilicated marble,
implying that they formed after TaCc formation had
terminated, although elsewhere in the system, pre-
sumably at lower T or higher X¢o,, TaCc may still
have been forming.

Main skarn stage: Notwithstanding the above
ambiguities, it is reasonable to conclude that the
alteration pattern of the MVM hanging-wall skarn
resulted from essentially contemporaneous develop-
ment of zones which migrated outwards, with only
locally over-ridden or absent intermediate zones. Such
a model is maintained by many students of skarn de-
posits (e.g., Titley, 1961) and has been applied to
the formation of calc-silicate bands in middle- to
upper-amphibolite facies metamorphism (Vidale and
Hewitt, 1973).

A second interpretation for zonal patterns of this
type is that the innermost zone formed first and that
solutions flowing through it superimposed later outer
zones., In this interpretation, each zone forms di-

rectly by replacement of marble and once formed -

does not migrate. Bartholomé and Evrard (1970)
apply this mechanism to the zoned sequence Mt-
ilvaite-Hd-marble at Temperino, Italy, although the
lack of field and petrographic data weakens their
conclusion. Cermignani and Anderson (1973), in a
very well documented study, conclude that zoned
Di-Tr-Ce veins in Grenville dolomites near Tweed,
Ontario, resulted from early formation of diopside
followed by fracturing and a change in T-Xgo, allow-
ing TrCe to form at the contact between diopside
and dolomite, These examples underline the need
for detailed field and petrographic observations on
which to establish models of skarn formation.
Inferring contemporaneity of zone development
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Fic. 10. Plot of mean compositions .(dots) and range
(vertical bars) of hedenbergite content I pyroxenes from
MVM. Samples are from the northern end of the mine

and are arranged to illustrate composition trends over a
distance of 100 m along 2 line subparallel to the hanging-wall
skarn center line. Dash-dot line connects pyroxenes whic
predate garnet deposition. Dashed line connects later
pyroxenes which are contemporaneous with grandite deposi-

tion.

implies nothing about the relative ages of phases
_within the individual zones. For example, as new,
relatively iron rich pyrexene formed in the marble,
was the pyroxene in the skarn (1) adjusting its com-
position to the existing fluid composition gradients,
or (2) was it effectively nonreactive ? The former im-
plies that all pyroxenes in the pyroxene zome are
contemporaneous and that their present compositional
variations across the zone reflect the thermal and
chemical gradients in the final increment of -solution.’
The latter case implies that pyroxenes in the marble
are the youngest, and that the present compositional
variations reflect the changes with time of the ther-
mal and chemical characteristics of the ‘Auid. The
pattern within the pyroxene zone is ambiguous and
cannot be resolved on the basis of its geometry alone.
The garnet-pyroxene zone is less ambiguous be-
cause of the sequential appearance of pyroxene, then
garnet-pyroxene, and finally garnet alone. .The dis-
tinct compositional changes exhibited by garnet aid
in establishing the sequence of mineral formation
within the zone. The lack of equilibration of early
pyroxene with later solutions depositing. garnet-py-
roxene is illustrated by samples 3-53 and 3-50 (Fig.
10) and may be due largely to the restriction of
fluids to open fractures. '

Ore stage: Concentric zones are not always devel-
oped in the garnet-pyroxene zone. Latest AdzooCpCe
assemblages are not restricted to Ads;Hdso envelopes
or patches, but rather cut across these and encroach
directly onto Hd,e rock. Adjoo tends to replace
pyroxene in the AdsHdyo assemblage (Figs. 8G,
8H, and 8I), but where it impinges on Hdso, Pyrox-
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ene is altered to actinolite. The apparent compati- }
bility of Ad with Hdso and its incompatibility with 3
Hdgo could reflect a T-Xco, control. 3

A cogenetic association of garnet and sulfides is §
generally not indicated by skarn studies, although §
local occurrences of sulfide-magnetite veinlets with 3
garnet envelopes in marble at Ely, Nevada, have been
described by James (1976). Disseminations of chal-
copyrite-pyrite in garnet-pyroxene are noted in num- 3
erous deposits, but such textures could result from
late sulfide deposition from pore fluids which did not
alter the garnet-pyroxene. The present study sup- 4
plies evidence that in the central skarn zone chal- §
copyrite deposition occurred during late andradite
veining and replacement of salite by andradite,
whereas in the outer zone chalcopyrite deposition was -
accompanied by alteration of salite to actinolite. The
contemporaneity of these two environments is sug-’
gested by the veinlets illustrated in Figure 6C.

Phase equilibria

The progressive changes in mineral assemblages 3
which characterize skarns may result from gradients 3
in T-Xco, and/or gradients in the chemical potentials
(p) of nonvolatile components. Although it is virtu- 4
ally impossible to uniguely specify such variables for
polycomponent rocks of very few phases, certain de-
pendencies among variables may be determined. For J
example, an isothermal gradient in Xco, has been |
suggested as the zoning control in micaceous lime-
stones in south-central Connecticut (Vidale and ;
Hewitt, 1973). In this example, the system was:
considered isochemical except for CO2 and H.0, and
the boundaries between zones represent isobarically 1
univariant T-Xco, reaction curves. Mineral zoning’
sequences in iron-rich calcium exoskarns have been.
discussed by Burt (1974) in terms of diffusion-con-
trolled gradients in psioslFeo, and peao at externally §
controlled T, P, po,, and pco: (the latter variables de- |
fine the skarn facies). Burt concludes that several]
different zoning sequences may be possible within az
given facies and, conversely, that the same zoning:
sequence could form within two different facies.

The MVM skarn is more complex than the above
examples, and the analysis of phase equilibria is;
hampered by the lack of experimental and thermo-}

chemical data for phases of variable composition. The;
zoned veins of the marble contact are interpreteds
below, as a first approximation, on the basis of equi-{
libria in the system CaO—MgO-SiOg-Hzo-COzj
However, the addition of iron to the system, as it
the pyroxene and garnet-pyroxene zones, causes thej
appearance of new phases and introduces composis
tional variation in pyroxene and amphibole. Tsobari
univariant equilibria will shift from their Mg end

member positions and become functions not only of T}
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Fie. 11, T-Xco. diagram at 1,000 bars Pa.o + Pco, for
calcite-bearing equilibria in the system CaO-MgO-SiOz-H.O-
CO.. from Slaughter and others (1975) and Greenwood
(1967). The approximate position of the andradite-terminal
reaction is from Taylor and Liou (1975). Abbreviations in
Table 3.

and Xco. but also of fo,. The interpretation in this
case is based on writing appropriate chemical reac-
tions which illustrate the interdependence of intensive
variables.

psi—pvg — Xcoo gradients, marble contact: The de-
finitive experimental studies in the system CaO-
MgO-SiOy-H20O-CO: are those of Skippen (1967,
1971, 1974), Gordon and Greenwood (1970), and
Slaughter et al (1975). Recent compilations and
comparisons are supplied by Kerrick (1974) and
Slaughter et al. (1975). Figure 11 summarizes
T-X¢o, equilibria for the calcite-bearing portion of
the system at 1,000 bars total pressure and includes
the CcQz = Wo curve from Greenwood (1967) and
the andradite-terminal reaction from Taylor and
Liou (1975). No isobarically univariant or invari-

ant assemblages (Xco, buffers) appear in this system .

at the MVM. All assemblages have an isobaric
variance of two or greater, suggesting that the sys-
tem was open to both CO; and HO.

The presence of calcite throughout the zonal se-
quence in early vein envelopes implies that pc.o was
a function of pco,, and the narrow width of these
veins suggests that metasomatism occurred at con-
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stant temperature. For these conditions, the sequence
of phase assemblages may be interpreted in terms of
isothermal gradients in Xco,, ps, and pyg (Fig. 12)
induced by reaction of dolomitic wall rocks with a
metasomatic fluid characterized by relatively low pmg
and close to saturation with quartz. The sequence of
two-phase assemblages represents the successive at-
tainment of appropriate p-values and not the crossing
of isobarically univariant T-Xco, curves. The phase
path for calcite saturation within a given divariant
T-Xco, field is unique. The lack of correspondence
of any such paths in Figure 12 with the complete
MVM early vein sequence requires that Xgo, de-
creased with time or toward the vein center. Portions
of the early vein zoning appear in successive diagrams
of Figure 12 from right to left with decreasing Xco..
The lack of isobarically univariant assemblages makes
it impossible to assign a value to the X¢o, gradient,
even if the temperature were known. For example,
the initial increase in pgy which led to the replacement
of DoCc by TaCc could have occurred in either di-
variant region II or III (Figs. 11 and 12). How-
ever, general limits to the Xco, gradient can be in-
ferred from the location of divariant fields shown in
Figure 11. For maximum temperature conditions
(limited by invariant point TrTaDoCcQz at 410°C,
1,000 bars) a minimum Xeo, gradient would be ap-
proximately from 0.1 to 0.5 (gradient B, Fig. 12).
At lower temperatures the minimum gradient in
Xco, is significantly diminished and could be less
than X¢o, = 0.1 (gradient A, Fig. 12).

Other MVM assemblages that belong to this sys-
tem are less instructive than TaCc. These include
the assemblages TrCc and TrCcDo which belong
to the later vein stage and represent higher tem-
peratures and/or lower Xco, conditions than the
early vein assemblage TaCc (Fig. 11).

Graphical presentation of Fe-Mg assemblages:
The variations in phase compositions and assem-
blages across the skarn zone in terms of the eight-

component system Ca-Mg-Fe-3i-O3-Hz0-CO2-Se
v 1v I II 1
Do
Ta Lo /Ta Do ~To Do Ta Ta
T Do
Tr
H Mg| cc o Ce Ce Ce Ce
Qz 91 Qz 91 9:
He ——
-
Xco,

Fic. 12. Isobaric chemical potential diagrams for diffusing
components Mg and Si drawn for the five divariant T-Xco.
facies illustrated in Figure 11. Black arrows denote u-
gradients from the center of skarn veins toward the marble
contact.
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Fic. 14. Chemical potential diagram for diffusing com- 3
ponents Fe, Mg, and Si at constant P, T, fo. and Xcos, and
with pcso controlled by the presence of excess calcite. Con-
tours for mole fraction iron end member in salite and actino- §
lite are schematic. The diffusion paths are discussed in text. 3

can be summarized by plotting the phases which co- 3
exist with excess calcite and fluid onto a Fe-Mg-Si ¥
triangle or onto an orthogonal plot of Fe/Si versus
The latter plot has numerous advantages |
over the former in that it (1) expands the scale of

Mg/Si.

the area of interest (the pyroxene and amphibole

series), and (2) is readily transformed into the ppe—

pag diagram (see Korzhinskii, 1959, p. 90-96).

A set of three Fe/Si-Mg/Si plots is presented in |
Figure 13. Figure 13A indicates that salite coexist- -
ing with AdCcPy should have a higher iron content

than salite coexisting with AcCcPy. The lack of any

systematic variation of this kind in salite composi-
tions between these assemblages at the MVM indi-
cates that variations in parameters such as T, Xco.,
fos, Or fs, were important controls of phase composi-
At constant pressure the above parameters 7
control the extent of solid solution and the arrange-
ment and slope of tie lines which define the as- .
semblages. The plots in Figure 13 should therefore
be regarded as schematic summaries of the general

tion.

features of composition and assemblage.

FiG. 13. Fe/Si versus Mg/Si diagrams for calcite-bearing 4
parageneses illustrating phase composition-assemblage data
from various zones at the MVM. Solid tie lines represent 3
assemblages recorded at the MVM, whereas dashed tie lines 3
represent other possible, but not recorded, assemblages. The 4
slope of the tie lines, which is reflected in the slope of phase .

boundaries in the corresponding p-u diagrams, is determined
by the microprobe analyses. The solid black bars represent
the range in composition of solid solutions. Solid circles
represent bulk composition of skarn zones from Table 1.
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Several mineral incompatibilities are suggested by
Figure 13. For instance, andradite is not compatible
with dolomite because of the persistence of the
SaMtCc and AcMtCec tie planes. For the conditions of
MVM skarn formation, AdSaCc and SaMtCc were
favored over AcQzCc; also, SaMtCc was favored
over AdAcCc except locally during ore deposition.
Certain aspects of the T-Xo,~fo, conditions implied
by these mineral compatibilities are discussed in the
following section.

Fe-Mg reactions: In a simplified sense, the MVM
zonal pattern might be explained by a model similar
to those used by Burt (1974) in the Fe end member

system, in which all zones can be regarded as develop--

ing simultaneously as the result of diffusion-controlled
chemical potential gradients. Graphical modeling
may be based on isobaric chemical potential diagrams
representing saturation surfaces for three diffusing
components, at constant temperature, Xco,, and fo,,
and at a peao consistent with the presence of excess
calcite (Fig. 14). Such diagrams may be constructed
using analyzed mineral compositions (Korzhinskii,
1959). Chemical potential gradients resulted from

_reaction between dolomite wall rocks and skarn-

forming solutions saturated with respect to andradite
and possibly quartz. The chemical potential of -Mg
decreased toward the skarn center, and_the chemical
potentials of Si and Fe decreased toward the marble.
Such a gradient is illustrated by the heavy dashed
line in Figure 14. The resulting bimineralic zones
would consist of the sequence: DoCc-AcCc-SaCe-
AdCc. A path which approximates the MVM pat-
tern more closely involves local or internal control of
chemical potentials for some portions of the skarn,
such that phase boundaries are followed for short
distances (heavy black line, Fig. 14).

Yet, Figure 14 approximates only the general
zonal mineralogy and not the variations in composi-
tion of individual phases. The above model requires
that actinolite and salite both undergo progressive
iron enrichment toward the skarn center at constant
T and X¢o, until saturation with andradite is reached.
Such an iron-enrichment trend is present only in
the outer pyroxene vein envelopes, where pyroxene
shifts abruptly from Hd,; to Hdss. From the marble
contact inward, however, the pyroxene becomes pro-
gressively less iron rich. This fact suggests that the
composition of pyroxene may have been controlled in
part by T- X002 -fo, gradients. This possibility may
be discussed in terms of Figure 15 which presents
pre-pye diagrams projected along the pg; axis. These
diagrams are constructed from the paragenesis dia-
grams of Figure 13 and represent four different
conditions of T-X¢a,. The following conclusions
may be drawn:

(1) A decrease in pp, and increase in pyg from
vein center toward marble, at constant T, Xco,, and

MASON VALLEY MINE SKARN, NEVADA 789

PYX VEIN PYX
CENTERS

F16. 15. Schematic chemical potential diagrams projected
along the psi axis onto the pre-uxg plane, at constant P, T,
fos, and Xco.. Calcite is present throughout. Contours repre-
sent mole fraction of iron end member in pyroxene and
amphibole. Arrows on circled numbers indicate direction
of shift of invariant points 1 and 2 relative to salite composi-
tion contours with increasing T and/or decreasing Xco..

pcao, could yield the phase zoning and compositional
variation in pyroxene and amphibole documented for
the marble contact veins which cut the early TaCc-
bearing veins (Fig. 15A). Variations in T-Xco,
conditions may have occurred, but such changes may-
be specified only in the case of appropriately buffered
assemblages.

One such assemblage is SaMtHmQzCc (invariant
point 1, Fig. 15A), which is locally present near the
vein centers. The dependence of salite composition
on T, Xco,, and fo, can be determined qualitatively
by writing the continuous Fe-Mg reaction

Sa+ Mt+Qz+4 CcssSa’ + 0: + CO: (1)
where Sa’ is more iron rich than Sa. The limiting
case for this continuous reaction is the equivalent Fe
end member reaction

FeyO4 4+ 6 SiO: 4+ 3 CaCO; 5 3 CaFeSi 04
Mt Qz Cc Hd

+ 3CO; + 30: (1)
Assuming that the activities of solids other than clino-

pyroxene are equal to unity, the equilibrium con-
stant is

K, = a?mff:ogf&ﬂ

where ayq is the activity of CaFeSi»Og in clinopy-
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roxene. If the latter phase is an ideal solution (Muel-
ler, 1961), then

Xpa = \./Kl/(f(‘nf?;oz)

where Xy is the mole fraction of CaFeSi06 in
clinopyroxene. This relation indicates that, with fo,
buffered by MtHm, Xyq is an isobarically univariant
function of T and feo, (or Xco.); increasing tem-
perature and/or decreasing Xco, would cause a pro-
gressive increase in the iron content of salite in the
assemblage SaMtHmQzCc. This result is compat-
ible with a model of decreasing X¢o, toward pyroxene
vein centers of the marble contact zone, but cannot
be applied to the pyroxene zone as a whole due to
the general absence of quartz and the near-constant
composition of salite (Fig. 15B).

(2) The decrease in Xgq in the garnet-pyroxene
zone may have resulted from a continuous Fe-Mg
reaction of the type

Sa’ + Mt 4 Cc + 0:5 Sa + Ad + CO:  (2)

where Sa’ is more iron rich than Sa. This reaction
is represented by invariant point (2) in Figure 15C,
which répresents higher T and/or lower Xgo, than
Figures 15A and 15B. The Fe end member reaction
equivalent to reaction (2) is

18 CaFESi205 + 2 F6304 + 18 CaCO;;

Hd Mt Cc
+ 5 Oz = 12 Ca3Fezsi3012 + 18 COz (2’)
Ad
and
KZ = (1380:/3'}?(1 (5)2

Assuming that clinopyroxene is an ideal solution

Xua = Vi, Kaf3,)

Hence, a gradient toward higher T and/or lower
Xco, would cause a decrease in the iron content of
salite in the assemblage AdSaMtHmCec.

(3) The local appearance of the assemblage
AdAcPyCc suggests the following isobarically uni-
variant discontinuous reaction :

Sa + MtHm 4+ O; + CO; + HO =
Ad + Ac + Cec (3)

represented by the change in topology between the
p-diagrams of Figures 15C and 15D. A decrease in
T and/or increase in Xco. at low values of Xco,
favors the AdAcCc assemblage. The stable existence
of this reaction depends on the direction of shift of

EINAUDI

the reaction TrQzCc = Di + CO; + H;O on addition 3
of iron. Taylor and Liou (1975) have demonstrated 1
by experiment that andradite is not stable in the §
TrQzCc stability field (Fig. 11). A shift of the §
diopside-terminal reaction toward higher tempera- ;
tures on addition of iron is therefore required for the }
stable existence of the assemblage AdAcCe. Such a
shift is suggested by Thompson (1975b) on the }
basis of Fe/Mg distribution between naturally oc- §
curring clinopyroxenes and low-Al calcic amphiboles.

In summary, increasing temperature and/or de-
creasing Xoo, toward the skarn center may have ¢
been recorded by the composition of salite. The 3
exact path, and the changes in salite composition %
or appearance of new phases, would ultimately de-
pend on the extent of equilibrium between wall rock
and fluid. Equilibrium may have been maintained |
for a period of time at invariant point 2, Figure 15C,
due to abundance of salite and relatively high density
of fractures. Garnet and salite formed contempo- §
raneously and the trend toward iron enrichment in §
salite was reversed. Evidence cited earlier for re-
striction of fluids to open fractures and lack of com-
plete reconstitution of early phases indicates that
the fluid eventually became chemically insulated from 3
the wall rocks by newly formed garnet. The effec-
tiveness of salite as a buffer was reduced, and the §
composition of the fluid shifted abruptly into the :
garnet field. At this stage, or slightly later and at -
lower temperatures, the assemblage AdAcCc became ;
stable relative to SaMtHm (reaction 3). The ap-
pearance of andradite and the shift in compatibilities |
marked the beginning of major ore deposition. This
relationship suggests that crystallization of large
amounts of iron-rich garnet caused the decrease in
Fe/Cu ratio in the ore fluid which led to saturation
with chalcopyrite.

Bulk composition gradients

The bulk compositions of the various skarn zones
presented in Table 1 were determined by chemical ]
analysis of channel samples from the 300 level (F ig.
4). The abundance of brecciation and fracturing®
followed by deposition of later silicates, often as ap-}
parent open-space fillings, suggests that if volume’
loss occurred during initial stages of silication it was
expressed by an increase in porosity at constant bulk §
volume. Uncertainties with regard to such volumej
changes make calculations of chemical gains andj
losses of questionable value. The gross variation ing
chemical composition of the skarn is therefore pre-j
sented in Figure 16A in terms of g/cc of oxides§
present. With the assumption of constant volume, 3
gains and losses may be readily determined from
this figure. The composition of the nonsulfide por-
tion of the skarn was calculated by subtracting S and §
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Fic. 16. Variation in bulk composition of skarn zones as determined by chemical analyses of
underground channel samples and surface

from microprobe analyses of tremolite, an
counts for dolomite, calcite, and magnetite.
tion based on mapped relations between zones.

tion of nonsulfide portion.

Fe in sulfides on the basis of Cu and S analyses and
recalculating to 100 percent using a specific gravity
of 3.1, Thus, Figure 16B illustrates the approxi-
mate compositional gradients prior to main sulfide
deposition.
~ The most interesting aspect of the bulk chemistry
is the significant divergence of the composition path
from a simple gradation in composition between

samples. The composition of vein halos is calculated

d assumed end-member composition for talc, and point

Steplike versus smooth gradients are on interpreta-
(A) Composition of whole rock. (B) Composi-

garnet and marble. Al,Os and Fe,O3 are the only
oxides which show a continuous, stepped gradient
without reversals, decreasing outward from the hang-
ing-wall center line. The composition path for these
two oxides approximates the gradation in composi-
tion between garnet and marble. All other oxides
display either culminations (SiOs, MgO) or depres-
sions (Ca0), and CaO and SiO. both exhibit gradi-
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ents which are opposite to a gradation in composi-
tion between garnet and marble, Such culminations
or depressions with respect to certain components
are a common feature of metasomatic rocks and have
been discussed in theoretical terms by J. B. Thomp-
son (1959), Korzhinskii (1970), and A. B, Thomp-
son (1975a). In multicomponent systems the bulk
composition of any point in a metasomatic column
will in general not lie on a simple compositional axis
defined by the end members of the column, This is
a consequence of the fact that an arbitrary chemical
potential gradient may lead to saturation with a
phase which contains a greater amount of a certain
component than phases on either side, Such a pro-
cess may be visualized with the help of Figure 12,
where an increase in #si and a decreased in PMg
toward the vein centers was proposed in a previous
section to account for the zonal sequence DoCc-TaCc-
Ta-Tr(Cc)-DiCc on the marble contact. In this
example, the composition gradients for SiO, and
MgO show a depression in the Ta zone, whereas
CaO shows a culmination in the Ta zone. This
suggests that transport of a given component can
oceur up its own concentration or chemical potential
gradient (“uphill diffusion,” Cooper, 1974). -

Summary and Conclusions

Skarn formation at the MVM resulted in the
development of an early garnet zone consisting pre-
dominantly of grandite (Adso10) and lesser pyroxene
(Hdo-2;). Garnet/garnet + pyroxene fractions show
no systematic variation from an average value of 0.8,
Dolomitization of marble may have occurred during
this stage, but the contact between marble and garnet
1s obscured by the later development of the main sul-
fide-bearing portion of the skarn.

The later, sulfide-bearing portion is characterized
by the zonal pattern: Do, TaMt, Tr; SaMtHmPy,
GrSaPy. Calcite is present throughout and is inter-
preted as being contemporaneous with silicates. The
sequence of mineral formation in individual samples
is in general the same as their zonal sequence toward
the skarn center. The iron content . of pyroxene
Passes through a maximum in Dyroxene vein centers
on the marble contact and then gradually diminishes
toward the skarn center. Pyroxene contempo-
raneous with grandite is less iron rich than earlier
pyroxene formed at the same point in the pattern.
As the iron content of grandite exceeded Ads,, py-
roxene deposition ceased, and chalcopyrite deposition
commenced with the replacement of pyroxene by
Adjeo. As these late ore fluids encroached on suec-
cessively more iron rich pyroxenes beyond the py-
Toxene-garnet zone, pyroxene was replaced by actino-
lite, o

MARCO T. EINAUDI

‘a general way sequences described from Hanover,

R

Textures and mineral compositions clearly indig
cate that the process of skarn formation involved
only local equilibrium between fluid and wall rocks}
Large variations in composition of phases within’
grains and between adjacent assemblages preserve
the record of skarn growth. Reconstitution of early
assemblages by later fluids in the garnet-pyroxene:
zone was restricted to the immediate vein walls, and’
the majority of late silicates appear to have begp
deposited in open spaces. The apparent gradua]
decrease in garnet/garnet + pyroxene from 0.75 to]
0.00 toward marble for the deposit as a whole reflects’
the varying degree of replacement and vein filling by
a series of assemblages which actually display fairly
abrupt changes in proportions of phases.

The MVM zonal pattern may be interpreted in
terms of a contemporaneous zonal growth model ig
which the zone mineralogy and phase compositiop
were controlled both by gradients in the chemical PO]
tentials of nonvolatile components and by changes i

-Xcop. In general, however, the skarn assemblages]
are of too high a variance to allow the conclusive
separation of chemical and physical variables, Petro;
genetic interpretations are further hampered by thé
lack of experimental data on the effect of iron on the
Mg end member reactions.

Comparison of the MVM skarn with published ac-
counts of other skarns yields the following points
which may serve to outline areas for further study;

(1) The zonal pattern at the MVM resembles in

Linchburg mine, Magdalena district, N. M. (Titley,]
1961), San Antonio mine, Santa Eulalia district;
Mexico (Hewitt, 1943), Prescott mine, Texada
Island, B. C. (Swanson, 1925), Yaguki mine, Japan
(Shimazaki, 1969), Shinyama mine, Japan (Tsusue;
1961), and Kurusay, U.S.S.R. (Tarasov, 1966),
These sequences have been generalized by Bur
(1974) into four zonmes: (1) vein, intrusive, or
magnetite zone, (2) andraditic garnet zone, (3)
hedenbergite zone, and (4) marble zone, This pat
tern is distinct from other calcium skarns which
develop a wollastonite zone between pyroxene andf§
nondolomitic marble and from magnesium skarng
which are characterized by forsterite
magnetite,

(2) The majority of the above references do notf

contain information on the composition trends off

phases within the zonal sequence. One exception i
the study of the Second Copper orebody at thel
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Shinyama mine, where Tsusue (1961) has docu-
mented a sequence very similar to that at the MVM :
a dark-green pyroxene (Hdgso) zone separates mar-
ple from a garnet-pyroxene zone which contains
AdyHdso-es. Late Adgs veins cut the garnet-pyrox-
ene zone. The paragenetic trends in garnet composi-
tion at the Razdan magnetite-bearing skarn, Soviet
Armenia (Bojadzan, 1969), are also similar to those
at the MV M ; early fragments of Adzg_74 + pyroxene
are cemented by Adrog; + magnetite, and both early
garnet generations are cut by local veinlets of Adgg_gr.
The majority of studies of zonal composition trends
deal with tungsten-bearing skarns: Fujigatani mine,
Japan (Ito, 1962), Strawberry mine, California
(Nokleberg, 1970), and Pine Creek, California
(Wright, 1973). In contrast with copper-bearing
skarns, such as the MVM and Shinyama, these tung-
sten skarns contain relatively iron poor grandites and
relatively iron rich pyroxenes, and the iron content
in both of these phases decreases toward marble.
Similar tungsten-bearing skarns of the Mount Morri-
son pendant, Sierra Nevada, have been studied by
Morgan (1975) with the general conclusion that

Xha /1 Xpa

Fi. 17. The compositions of coexisting garnets and
Pyroxenes in skarns expressed as Xma/1-Xma versus Xao/
I-XM. Open circles are from Zharikov (1970, fig. 122).
Thin dashed lines join data points from individual deposits.

lack symbols indicate additional data from North American
and Japanese skarns referred to in text. The zonal position
of each black datum point within a given skarn is indicated
by the solid lines with arrows pointing toward marble. The
curved, dashed line represents Xio+ Xma=11. R= (Xna/
l'XHd)/(XAd/l-XAd).
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TasLe 7. Coexisting Garnet-Pyroxene Pairs, from the
Footwall (FW) and Hanging-Wall (HW) Skarns

Garnet Pyroxene
Grain Grain X
Sample no. Xad no. Xuag + Xad R
FW 4.4 2A 0.306 3B 0.20 0.56 144
FW 3.6 1A (core) (.38 1C 0.10 0.48 0.19
HW 4.3A 1A 0.55 1E 0.34 0.89 0.41
HW 3-50 1A 0.56 1D 0.39 0.95 0.50
HW 3.53 2A (core) 0.64 2B 0.43 1.07 0.42

R = (Xna/1 = Xna)/(Xad/1 = Xaa).

early magnesian pyroxene is followed by grandite co-
existing with a more iron rich pyroxene.

(3) Figure 17 summarizes the available data,
largely from Zharikov (1970), on the compositions
of coexisting garnets and pyroxenes in skarns. The
following are some of the more important features of
the diagram: '

a) The value of X4 + Xnq for coexisting garnet-
pyroxene pairs is generally less than 1.1 for most
skarns (Table 7). Thus, coexisting garnets and
pyroxenes tend to exhibit a mutual increase or mu-
tual decrease in iron content, but relatively high iron
content in both phases is generally excluded due to
the different oxidation states of iron in the two
phases. The coexistence of relatively iron rich gar-
nets and pyroxenes may be possible at high tem-
perature (Burt, 1971), but there are no documented
occurrences of coexisting andradite and hedenbergite
in skarns.

b) Continuous, systematic variation in garnet and
pyroxene compositions is characteristic of the garnet-
pyroxene zones of individual skarns, Numerous
deposits show three or more data points defining a
significant spread in mineral compositions. More
data are clearly required on mineral composition
variations within zoning sequences, because such data
have direct bearing on the application of Korzhin-
skii’s (1970) diffusion versus infiltration models for
metasomatic processes.

c) Skarns tend to exhibit constant values of Xya/
Xaa for coexisting garnet-pyroxene pairs. Samples
with values of Xpe/Xasqa which differ significantly
from the majority of other samples in a given skarn
may represent a separate silication episode. Evidence
supporting this interpretation is supplied by sample
3-6, MV'M, which represents the early hornfels stage
rather than the main hanging-wall skarn stage
(Table 7).

d) Copper-lead-zinc skarns have lower Xyq/Xaa
values than tungsten-molybdenite skarns, as first
documented by Zhartkov (1970). Such a systematic
relationship emphasizes the genetic tie Dbetween
silicate and ore mineralogy and could prove to be an
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important exploration tool. The ratio Xia/X aq may
be useful for classifying skarn deposits because it
provides an oxidation scale for garnet-pyroxene as-
semblages, This relationship could also form the
basis for defining the chemical and physical environ-
ments of transport and deposition of copper versus
tungsten,.
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