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REACTION SKARNS BETWEEN QUARTZ-BEARING
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ABSTRACT. Chemical zoning palterns, mineral assemblages, and reac-
tion textures in orthopyroxene-bearing reaction skarns adjacent fo a
guartz vein and a plagioclase—quartz dike have been used to deduce chem-
1cal potential gradients and lo examine the reactions that have led to the
present distribution of assemblages. Orthopyroxene is developed in meta-
somatic zones that separate quartz-bearing and fosteritic olivine-bearing
rocks in the core of a layered metagabbro body on the eastern edge of the
Precambrian of the Adivondack highlands, New York. Developed in
country rocks which recovd temperatures and pressures of 730 = 50°C and
8 = 1 kb for a Grenville metamovphic event, these skarns provide ex-
amples of extreme disequilibrium. For example, adjacent to a quartz vein
is a skarn about 1.5 cm wide in which orthopyroxenes exhibit a change
in Fe[(Fe + Mg) of 0.34 to 0.55 from contact with olivine to contact with
guartz. Across a section of this skarn average chemical potential gradients
are calculated to have been 0.03 = 0.3, —0.47 * 0.17. —1.90 = 0.20,
£ =25 =+ 0.1, and + 1.28 * 0.15 kcal/cm for oxide components CaO,
FeO, MgO, A10O,,,, and SiO,, respectively, at the conditions of local meta-
morphic equilibration with directions toward the core of the vein taken
as positive. The magnitudes of the gradients of these oxide components,
together with mass-balance considerations based on inert markers, ex-
trema in chemical profiles atl the wall of the quartz vein, and the reaction
textures within the skarns, indicate the following relative mobilities for
these components: CaO = FeO > MgO > $i0, > AlO,,. Core to rim.
variations in Fe[(Fe + Mg) ratios of olivines and orthopyroxenes near
olivine-orthopyroxene and orthopyroxene-quartz layer contacts suggest
that the differences between Fe[(Fe + Mg) ratios of orthopyroxenes at
these contacts became grealer with time. The inferred changes in Fel
(Fe + Mg) zoning patterns within the olivine—orthopyroxene—quariz sub-
system of this skarn may be interpreted as due to either retrograde cooling
or polymetamorphism, because the bounding layer contact assemblages
are only bivariant even within the model system MgO-FeO-Si0,. These
inferences are consistent with those based on the analysis of garnet-
bearing corona structures in the country rocks and garnet-forming reac-
tions within the skarns.
INTRODUCTION

The importance of grain-boundary diffusion as a mechanism of mass
transfer during metamorphic reactions has been emphasized in several
recent contributions. These studies have focused on developing diffusion
models to account for reaction structures ranging from microscopic min-
eral segregations (Carmichael, 1969; Eugster, 1970; Fisher, 1970, 1973;
Whitney and McLelland, 1973; Weare, Stephens, and Eugster, 1976) to
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reaction skarns developed between incompatible rock units, Examples of
the latter include blackwall and talc-carbonate reaction skarnes and en-
velopes between serpentinized peridotite bodies and quartzo-feldspathic
gneisses (Phillips and Hess, 1936; Curtis and Brown, 1969; Carswell,
Curtis, and Kanaris- Sotiriou, 1974; Frantz and Mao, 1976; Brady, 1977;
Sanford. ms), the high temperature reaction skarns and aureoles between
quartz-bearing rock and marble or mafic magma (Read, 1931; Barker,
1964; Joesten, 1974), and calcsilicate reaction skarns produced at the
contacts of marble and pelite during regional metamorphism (Orville,
1969; Vidale and Hewitt, 1973; Thompson, 1975; Brady, 1977).

In their treatments of diffusion, most of these studies have made use
of the assumption of local equilibrium (Korzhinskii, 1959; Thompson,
1959). With this assumption, chemical potential gradients in the inter-
granular medium have been calculated to document the magnitude of the
energy differences responsible for diffusion (for example, Korzhinskii,
1959; Vidale, 1969; Fisher, 1970; Shay, 1975; Sanford, ms). In addition,
the formalism of nonequilibrium thermodynamics has been developed
and applied to diffusion in mineral segxeocltlons and skarns (for example,
Fisher, 1973). Using this formalism Fisher (1977) and Joesten (1977) have
shown how the assumption of quzm -steady state diffusion, “(1) that the
diffusing species are everywhere in local equilibrium with the adjacent
mmelals so that the rate of the overall process depends on the rate of
diffusion; and (2) that the fluxes and potential gradients within the sys-
tem will continually adjust to values closely approximating those of a
steady state” (Fisher and Elliot, 1974, p. 231-232), may be used to predict
mineral zoning sequences and modal abundances in order to constrain
relative diffusion coefficients for a variety of reaction textures. These
studies have focused on systems composed of endmember minerals at con-
stant temperature and pressure.

This paper examines the orthopyroxene-bearing reaction skarns de-
veloped between feldspathic cumberlandite (olivine—plagioclase-magne-
tite-ilmenite rock), a plagioclase-quartz dike, and an associated quartz
vein. The occurrences described are found in a metagabbro body from
the eastern edge of the Precambrian Adirondack highlands near West-
port, N.Y. (Kemp, 1894; Buddington and Whitcomb, 1941; Sack, ms).
Within this body, cumberlandite is found in two Fe-Ti oxiderich layers
in the largely undeformed metagabbro core where primary magmatic
layering is preserved. The dike and vein that cross cut these layers occur
in an adit that forms part of the now abandoned workings of the Split-
rock magnetite mine (Kemp, 1894). The two reaction skarns described
here were obtained near the entrance to the northernmost adit. The
petrology of the country rocks of these reaction skarns has been described
in detail by Sack (ms and 1980b). Mineral assemblages in the country
rocks record temperatures and pressures of local metamorphic equilibra-
tion of 730 = 50°C and 8 = 1 kb for a Grenville event (Sack, 1977). These
estimates are in accord with those obtained hy Bohlen and Essene (1980)
for areas bordering this locality.
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These orthopyroxene-bearing reaction skarns are of interest, because
they provide examples of extreme disequilibrium which is the result of
the well known incompatibility between magnesian olivine and quartz.
In contrast to hypothetical skarns composed of endmember minerals,
much of the disequilibrium recorded in one of the skarns is expressed by
continuous variations in the compositions of solid solution phases (partic-
ularly orthopyroxene and plagioclase) within the intergranular network.
Superimposed on these continuous composition variations are prominent
iron-magnesium zoning patterns in grains of olivine and orthopyroxene
near the edges of the orthopyroxene-hearing reaction skarn. In this paper
inert markers and compositional variations within the intergranular net-
work will be used to assess the relative mobilities of oxide components
CaO, FeO, MgO, AlO,,,, and Si0,. Models will be developed to relate the
evolution of zoning patterns within the skarns to changes in temperature
and pressure conditions.

PETROGRAPHY

The two orthopyroxene-bearing reaction skarns described here separate
olivine-bearing from quartz-bearing rocks. In this discussion the terms
inner and outer side will be used to designate directions toward and away
from the quartz-bearing vein or dike, the term inner interface will be
used to designate the contact surface between the orthopyroxene-bearing
reaction skarn and the quartz vein or plagioclase-quartz dike, and the
term outer interface will be used to designate the contact surface between
the orthopyroxene-bearing reaction skarn and the olivine-bearing country
rock. Some of the petrologic details of these reaction skarns are shown in
plate 1 and figures 1 and 2. The quartz vein is nowhere more than 1.5 cm
thick and is presently composed of roughly equant quartz grains extending
across the vein. Its reaction skarn is less than 2 cm thick. The plagioclase-
quartz dike is between 10 to 18 cm thick and lacks quartz at its margins.
The olivine-bearing country rock for these skarns is a feldspathic variant
of cumberlandite. Cumberlandite is a rock composed predominantly of
olivine and Fe-Ti oxides magnetite and ilmenite with about 15 percent
plagioclase laths (compare Johnson and Warren, 1908). Cumberlandite is
commonly developed as magmatic layers in layered basic intrusions, al-
though it is typically not designated as such. The cumberlandite and
feldspathic cumberlandites that form the country rocks for the reaction
skarns are approximately linear mixtures of the following rock types:
(1) olivine and Fe-T1i oxides in approximate volume proportions 2:1 and
(2) olivine, plagioclase, and Fe-Ti oxides in approximate volume propor-
tions 2:1:1 and variable hornblende. Although there is evidence in the
country rocks that some of the hornblende is secondary and some clino-
pyroxene is primary, mass balance considerations in the feldspathic
cumberlandites (Sack, ms), at least, suggest that much of the hornblende
is primary. This mineral assemblage has been further augmented by the
development of secondary metamorphic minerals: garnet, spinel, biotite,
ilmenite, and hornblende.



973

(X4 O) suaxorkdoio Jo 4parsnxa sourje pasodwod s1 ua d3 03 juddelpe suoz oy [, “(10) o1 anoiq
—purds-mrudwyi-d1nsugdeu-apud|quioy-suisro ut pue (210) uma zitenb e uddmidg wieys YIra wowpads pueyy

I 4LVId

Reaction skarns between quariz-beaving and olivine-bearing rocks
O



HB MAG 8|0 OL SP

re % .4.‘{%" 3 &
-nﬁii}v.\ht

B AR < o)
R YA

a8

M !

(5
R

AN
TR s‘c

Richard O. Sack

N
a
o

Fel
pul

Sp

Qz

Plog

B.

-
&
s
=
= <
=R Y]
= < .q
e =
]
%
-
=2
23
=
38
s 2
& o>~
= o
=2
=
=0
S0
= .
< %
-~

»], O] and 11 indicate the location o

ilmenite; Sp, spine

jacent Lo quartz vei

¢ as follows: Qz, qu
livine; Bio, Diotite; Ihin

¢ line drawing of skarn ad

7 dike. Mineral symbols
Cpx, clinopyroxene; 0Ol, o

=22
==Y
2273
[Ty
.L":)—‘-)'
[SR =y
P
= 7
~Q =
LS =
~ ‘5=
T I
—_—l
=3
oD

e BN
Y
= .=
=z
DY
5=

and inner interfaces.



‘1 a1qes ur uoald saskpeur aqoado.dTW Jo SUOHIBIG] 21BITPUIL SI10P (Saul] paysep Aq pajedipur axe sinojuod 3y + aj)/og areunxorddy 'yg pue y| saandy
ur umoys uma zirenb ur asueraqnioxd susxoifdoyio ur swoned Suruoz (S 4 24)/90 (D) ‘umoys jou s1e souepunoq ureld jouren ‘soudxordoyrio yo
suonIeIUSLIO [eo11do IUXOYTP ST IP 2anSy Jo 101U ur dul[ PIiog oured aes Buaxoikdoyiro ‘pardns inoudew ‘onbedo :smoyfoy se ore sjoquids redUIN
o1p zixenb-oseporerd 01 yusdelpe snorduds 1ured-susxorddoyirg (g) -opusiquioy ‘qy ‘@Inoiq ‘org ‘purds ‘dg ‘oseorderd Serg “oured deo oinsulew
‘Gepy Onuow(r ‘wiy ‘Suiaro ‘GO ‘ouaxorkdoyio ‘xdQ ‘zirenb ‘1Y) :smo[[o] st are sfoquiks erdurly dnewdyds Apaed st ua ay) 01 jusoelpe dsuoz sudxolkd
-O1I0 Y1 JO YIS YL, "y20l Surteoq-ourarjo oy pue uma zixenb oy 01 Jusdelpe suoz susxorfdoylio djeIoUTIOUONT JSOUIE DY) UIIMII( SILIRPUNIO( dUOZ
30 suonedo[ ay) pue upa zixrenb oy ur suosnpur susxoridoyizo Jo suonedol syl smoys 2y siy L (v) syderSojoydororur wory sSurmerp aury g 811

3o

WO 1 I

210 O

30{
wli
Xd0+3v1d
Xd0+8H m\/\\\
—~  \JuviXdoFaH W —— — 7]

HYO+dS+ W1l 4+ IV +Xd0 +dH

dS+ 019+ W1l + YW+ 8H +10




976 Richard O. Sack

Additonal differences between the two skarns are found in the proportions and
distributions of Fe-Ti oxide phases to the inner side of the outer interface, in the zonal
distribution of garnet, and in the geometry of the inner interface. In both reaction
skarns the proportions of Fe-Ti oxides may be used to subdivide them into zones that
retain characteristics of the country rock. In the skarn next to the plagioclase-quartz
dike, the garnct-orthopyroxene zone to the outer side of the inner interface lacks Fe-Ti
oxides (fig. 2B). Magnetite grains with coarse ilmenite lamellae account for more than
90 modal percent of the Fe-Ti oxide assemblage within the remaining zones. In the
skarn adjacent to the quartz vein, ilmenite comprises less than 3 modal percent of the
zone adjacent to the inner interface. This zone is composed predominantly of relatively
coarse-grained orthopyroxene with minor quantities of clinopyroxene, plagioclase, and
quartz inclusions. Indeed, the section shown in figures 1A and 2A was chosen for de-
tailed study due to the anamolous presence of ilmenite in it. Ilmenite is common in the
remaining zones of the skarn next to the quartz vein, whereas magnetite is restricted to
the outer zones of this skarn (see fig. 2). The plagioclase-orthopyroxene-ilmenite zone
next to the inner orthopyroxene zone is not always present. These two zones are sep-
arated by a zone composed of clinopyroxene (+ orthopyroxene) which is about 0.1 mm
wide. Inclusion of quartz are restricted to the inner side of this zone and are rare. The
modal ratio ilmenite/magnetite in the outer zones of both skarns is similar to that in
the rocks to the outer side of the outer intcrfaces.

Garnet is present in practically all zones in the skarn adjacent to the plagioclase-
quartz dike, whereas, in the section of the reaction skarn adjacent to the quartz vein
shown in figures A and 2A, garnet mineralization is limited to a zone approx 0.5 cm
wide about 1 ¢m to the outer side of the inner interface. Garnet is most prominently
developed in the Fe-Ti oxide-free zone adjacent to the inner interface of the reaction
skarn next to the plagioclase-quartz dike (lig. 2B). It averages about 40 percent of this
zone, where it is developed as lamellae in orthopyroxene grains and is separated from
contact with a discontinuous layer of magnetite grains by an orthopyroxene mantle
approx 0.3 mm wide. Grains of this mantle are in optical continuity with the ortho-
pyroxene grains of the orthopyroxene-garnet zone. Most of the domains of optical
continuity extend to the inner interface. In contrast to its lamellar habit in the
orthopyroxene-garnet zone, garnet is typically developed as equant grains averaging
about 0.15 mm in diameter in both reaction skarns. A notable exception is found in
garnets that form cxceedingly fine ({10 mu) rims between grains of spinel and
orthopyroxcne between 0.5 and 0.7 mm to the inner side of the outer interface adjacent
to the quartz vein. In Dboth reaction skarns garnet is invariably in contact with ortho-
pyroxene. Mutual contacts between orthopyroxenc and spinel or orthopyroxene, garnet,
and magnetite are not observed. Three-phase contacts between olivine, orthopyroxene,
and garnet, and, olivine, orthopyroxene, and spinel are present at the outer interfaces
of the skarns next to the dike and vein, respectively.

In both orthopyroxene-bearing reaction skarns lamellar hornblende (several milli-
meters to half a centimeter in diameter) is found to the outer side of the zone of
coarse-grained orthopyroxene. In the reaction skarn adjacent to the dike, no zone con-
taining plagioclase separates the coarse-grained hornblende from the zone of coarse-
grained orthopyroxene. In the coarse-grained hornblende adjacent to the dike, three
types of lamellae and inclusions may be distinguished. These are (1) exsolution lamellae
of cummingtonite, (2) discontinuous lamellac of orthopyroxene and, in rare instances,
clinopyroxene 0.03 1o 0.01 mm in width, and (3) discontinuous composite lamellae
which are 0.1 to 0.3 mm in width and contain orthopyroxene and garnet and, in places,
clinopyroxene.

In the skarn next to the dike the outer interface has been largely replaced by
garnet. In both skarns the zone of mctasomatic alteration extends beyond the ortho-
pyroxene-bearing reaction skarn as evidenced by the development of biotite to the outer
side of these interfaces. The rocks to the immediate outer side of these interfaces differ
from the country rock in the absence of plagioclase and secondary garnet, and, in
places, biotite. The habits of garnet and orthopyroxene to the outer side of the biotite-
bearing zone adjacent to the dike are quite different from their habits in the ortho-
pyroxene-bearing reaction skarns. Orthopyroxenes in this band are restricted to the
cores of nodules or porphyroblasts of garnet and are typically altered to chlorite. No
olivine-orthopyroxene contacts are recorded in a zone of spatial overlap of these minerals,
near the edge of the biotite-bearing zone. Garnet in this zone occurs in polycrystalline
nodules which average about 0.7 mm in diameter and contain inclusions of hornblende.
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The form of the inner interface of the orthopyroxene-bearing reac-
tion skarn developed next to the quartz vein differs from the simple slab
geometry with sharp replacement fronts explored by Thompson (1959).
The interface between the almost monomineralic orthopyroxene zone and
the quartz vein contains protuberances such as those shown in figure 2
A and C. The thickness of this zone appears to be correlated with the
density of grain boundaries to the outer side of the inner interface. Addi-
tional departures from the simple slab geometry are the presence of
isolated grains of orthopyroxene in the quartz vein and the local presence
of inclusions of quartz within the orthopyroxene zone. In rare instances
these inclusions extend from the inner interface to the zone composed of
clinopyroxene and orthopyroxene. Perhaps the most striking contrast be-
tween the two orthopyroxene-bearing reaction skarns is the volume of
coarse grained orthopyroxene produced in the zone to the outer side of
the inner interface. The ratio (volume percent orthopyroxene) X (width
of inner orthopyroxene zone)/(distance from outer interface) is about 0.7
for the reaction skarn next to the vein. This is more than 10 times that
of the reaction skarn adjacent to the dike.

MINERAL CHEMISTRY

Chemical compositions of the mineral phascs were obtained with the ARL-EMX
automated microprobe in the Department of Geological Sciences of Harvard University.
Supplemental data were collected using the cight spectromemeter ARL-SEMQ micro-
probe in the Department of Geology and Geophysics of the University of California,
Berkeley, Calif. Raw data were corrected according to the correction schemes and factors
of Bence and Albee (1968) and Albee and Ray (1970). Natural enstatite was used as a
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Fig. 3. Compositions variations of the rims of orthopyroxenes and plagioclases
across the skarn adjacent to the quartz vein along a segment bounded by the edges of
the orthopyroxene protuberance shown in figure 2A and C.
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vi2 w13 vi4  vis  vle  vl7  vls  v19  vy20 v21
ca0 0.50 0.53 0.73 0.59 0.72 0.71 0.66 0,95 0.46 0.46
FeO 29.09 29.49 31.05 32.55 32.87 32.88 32,15 31.59 30.17  29.20
MuO 0.29 0.29 0.30 0.35 0.30 0.30 0.38 0.29 0.19 0.25
MqO 17.56 16.82 17.32 15.41 14.90 15.04 14.90 15.68 16.96 17.88
Tio, 0.10 ©0.18 0.09 0.05 ©0.10 0.1l - - - -
AL, 0, 0.24 0.33 0.12 0.21 0.20 0.17 0.15 0.27 ©0.12  0.12
si0, 51.40 52.07 51.36 50.80 50.53 51.18 51.20 51.62 52.09 52,20
Total 99.19 99.71 100.06 9%.97 99.62 100.39 100.11 100.00 99.98 100.11
Formulas based on 6 oxygens:
ca®*t .820  .021  .029  .024  .030  .028  .027  .039  .018 .0l8
re?t .943  .951 1.008 1.065 1.082 1.073 1.047 1.028 .973 937
Mt .009  .00%  .009 .0ll .009  .009  .009  .009  .005 .008
Mg*t 1.016  .967 .943  .898  .875  .875 .910  .887 .975 1.022
pitt .002  .004  .002 .00l  .002  .002 - - - -
a1t .010  .0l15 .009 .009 .008B .DO7  .005  .0ll  .004 .004
sift 1.992 2.008 1.995 1.989 1.991 1.998 1.993 2.009 2.009  2.002
Total 3.992 3.975 3.995 3.997 3,997 3.992 3.996 3.981 3.984  3.991
Fe/(Fe+Mg)  .481  .492  .517 543  .553  .551 535  ,537  .499 478
D 1.20 1.27 1.33 1.40 1.48 1.49 SF4  SF4  SF4 SF4
R/C R R R R R R R c R c
N* 3 3 2 2 2 2 2 1 2 3
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Tasx 1 (continued)

v22 V23 V24 V25 V26 v27 v28 V29 V30 Vil v3i2
cag .38 0.45 0.47 0.68 0.66 0.55 0.74 0.51 0.49 0.64 0.63
FeO 21.02 20.98 29,58 32.31 31.61 31.60 31.11 29.80 30.32 31.05 31.77
MnO 0.11 0.11 0.17 0.23 0.27 0.22 0.21 0.20 0.19 0.21 0.23
MgO 22.89 22.80 17.56 15.59 15.37 15.71 16.57 17.77 17.20 16.53 15.95
T102 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. .a. n.a.
A1203 3.04 3.04 e.07 0.14 0.15 0.11 0.14 0.10 0.1l0 .09 0.09
SiO2 52.34 51.40 52.19 50.96 50.97 51.03 51.92 52.44 52.51 51.91 51.11
Total 99,78 98.88 100.04 99.92 539.02 89.21 100.69 100.81 100.81 100.44 99.79
Formulas based on 6 oxygens:
ca?* .015  .017 .019  .023  .028  .022  .029  .020  .019  .026  .026
Fe2+ .651 .654 .952 1.056 1.038 1.036 1.001 .949 _ .969 1.002 1.037
Mu2+ .003 .003 .004 .007 .008 .007 .005 .005 .005 .005 .007

2

Mg * 1.262 1.270 1.007 .908 .901 .919 .951 1.9011 .979 .951 .928
Ti4+ n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Al3+ 131 .132 .002 .005 .006 .004 .006 .004 .004 .004 .004
Si4+ 1.937 1.924 2.006 1.993 2.003 2.003 1.998 2.000 2.008 2.003 1.996
Total 3.999 4.000 3.990 3.997 3.984 3.991 3.990 3.989 3.984 3.991 3.998
Fe/(Fe+Mg) .340 337 . 486 .538 .535 .530 .513 .484 497 513 .528
D 0.0 0.0 SF4 SF4 SF4 SF4 SF4 SF4 SF4 SF4 SF4
R/C C R R R R R C C o4 R R
N* 2 2 2 1 1 2 1 1 L 1 1
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standard for the elements Mg and S8i in orthopyroxene, olivine, garnet, spinel, clino-
pyroxene, ilmenite, magnetite, hornblende, and biotite. Synthetic hematite, natural
rhodonite, natural V,Os, synthetic uvarovite, natural ilmenite, natural microcline, and
natural albite were used as standards for the elements Fe, Mn, V, Cr, Ti, K, and Na in
all minerals in which they were analyzed. Synthetic diopside and anorthite were used
as standards for the elements Ca and Al in all but plagioclase feldspar. Natural labra-
dorite was used as the standard for Ca, Al, and Si in plagioclase feldspar. Vanadium-
titanium overlap corrections were made following the methods outlined in Snetsinger,
Bunch, and Keil (1968).

Pronounced compositional variations perpendicular to the vein are
found in orthopyroxene and plagioclase. Figure 3 displays the composi-
tions of the rims of plagioclase and orthopyroxene grains along a traverse
approximately perpendicular to the outer interface which includes the
prominent orthopyroxene protuberance shown in figure 2A and C. Quartz
inclusions are not present near this traverse and are not typical in this
zone. Along this traverse the CaAl,Si,Oy component in plagioclase varies
from 28.9 mole percent in contact with orthopyroxene and hornblende to
0.4 mole percent in contact with quartz. Two patterns of chemical zona-
tion are prominent in the rims of orthopyroxenes between the outer and
inner interfaces. AI3+/3 oxygens in orthopyroxene exhibit a monotonic
decrease from 0.066 at the outer interface to 0.002 adjacent to the inner
interface. The Fe/(Fe + Mg) ratio of orthopyroxene is approximately
constant (0.34) from the outer interface to the contact of the zone of
orthopyroxene and hornblende with the plagioclase-rich zone. To the
inner side of this contact surface, it increases progressively to a maximum
of 0.55 for orthopyroxenes in contact with quartz. Orthopyroxenes to the
inner side of this contact surface become more magnesian toward the core
of the vein. Clinopyroxenes display similar composition variations in
Al3+ as orthopyroxenes with which they are in contact. The composition
of clinopyroxene in contact with albite and quartz may be used to define
an approximate minimum bound on the Fe?*+/(Fe?+ 4 Fe®t) ratios of
clinopyroxenes in the Westport gabbros. Since these pyroxenes will contain
negligible CaAl,SiO, component, the sodium remaining after allocations
for CaTiAlLLOg; and NaAlSi,O, components may be balanced to form
NaFeSi,O, component. The ratio Fe*+ /(Fe*+ + Fe2t) computed in this
manner (0.12) is in excellent agreement with the average value of this
ratio computed assuming R,O; stoichiometry and charge balance for 59
clinopyroxenes from the Westport gabbros (0.139 + 0.078) (Sack, ms).

Both orthopyroxene and clinopyroxene may exhibit radial core to
rim compositional variations depending on the size of the grains and
their location in the zones. Clinopyroxenes developed as a rim between
the mineralogic zones dominated by orthopyroxene and plagioclase ex-
hibit enrichments of Na and Al in cores relative to rims. The relatively
fine-grained orthopyroxenes to the outer side of the essentially mono-
mineralic orthopyroxene zone exhibit core to rim composition variations
similar to the overall composition variations. For a given distance from
the outer interface, rims of orthopyroxene grains adjacent to the quartz
vein or within protuberances in it have greater Fe/(Fe 4+ Mg) ratios than
cores. In such grains the core to rim increase in Fe/(Fe 4+ Mg) averages.
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about 0.017 = 0.008 mm parallel to the outer interface. Within protu-
berances into the quartz vein contours of constant Fe/(Fe + Mg) are
concave toward the center of the vein. Approximate contours of Fe/
(Fe + Mg) of the largest protuberance are shown in figure 2C.

In general, orthopyroxenes and plagioclase feldspars in the dike and
its reaction skarn do not display nearly as pronounced composition varia-
tions as those in the reaction skarn surrounding the quartz vein. The
mole fraction of GaAl,Si,O4 in plagioclase is in the range 0.14 to 0.28
except in the immediate vicinity of quartz grains. Variations within this
range are not correlated with the distance of the plagioclase from the
inner interface, nor are core to rim variations in these grains consistent,
prominent, or spatially ordered. In the immediate vicinity of quartz
grains, however, the An mole fraction of plagioclase drops abruptly to
values less than 0.05. Fe/(Fe + Mg) ratios of orthopyroxenes from this
reaction skarn are confined to the narrow range 0.34 to 0.36, a range
similar to that exhibited by orthopyroxenes from the magnetite-ilmenite
bearing zones of the reaction skarn surrounding the quartz vein. How-
ever, to the immediate inside of the inner interface, orthopyroxenes along
grain boundaries between plagioclase feldspar exhibit iron-enrichment up
to an Fe/(Fe + Mg) ratio of 0.47 toward the center of the vein (D48-D50,
table 1). Variations in AI*+ /3 oxygens in these orthopyroxenes are limited
to the range 0.064 to 0.042 with highest values found in the cores of
orthopyroxenes closest to mutual contacts of garnet and spinel. Core to
rim variations in these orthopyroxenes are less than 0.010 AI3+ /3 oxygens.

Garnets from both reaction skarns exhibit limited ranges of Ca,Al,-
$i,0,, mole fraction (0.12-0.166) and Fe/(Fe + Mg) (0.605-0.665). The
Ca, AlLSi;0,; mole fraction of garnets in close proximity to spinel and
orthopyroxene is identical with that found in this assemblage in ortho-
pyroxene-bearing feldspathic cumberlandites (0.12). In the relatively large
garnets developed in the outer garnet-bearing zone of the reaction skarn
lacking orthopyroxene-quartz contacts, core to rim increases in Fe/(Fe +
Mg) are noted. The range of Fe/(Fe + Mg) in the rims of garnets from
cither reaction skarn is less than 0.03. Spinels are similar in their chem-
istry to spinels from the unaltered cumberlandite (compare Sack, ms).

The olivines nearest to the quartz vein are the only olivines from the
Westport locality that exhibit pronounced compositional zoning. The
average core to rim decrease in Fe/(Fe + Mg) for three olivine grains near
the outer interface is 0.015 = 0.007. The rims of these olivines are among
the most magnesian olivines found in the cumberlandite layers. Parti-
tioning of Fe and Mg between olivine, orthopyroxene, spinel, and garnet
is like that in the country rocks (compare Sack, 1980b). Partitioning of Fe
and Mg between hornblende and biotite and the other phases is also like
that of the country rocks. Calculating all jron as FeO, the average com-
positions of hornblende and biotite are

Ko.zsNao.szca1AssFI\'IsASGTio.uAls.5sSi5.96022<O H»CI’F>2
and
Ko.fuNao.anl\Iz.saTio.soAl1.3asi2.70010(OH’C1:F)2



TaBLE 2
Representative microprobe analyses of garnets and olivines (mole percent oxides)

vG-1 | ¥G-2 | ¥G-3| DbG-1 DG~3] DG-4 | DG-5| DG-6 DG-7| DG-9| bpG-16] DG-11] DG-12 DG-14 DG-15| VOL-Y VOL-2; VOL-3] VOL-4| WVOL-5] VOL-6
cao 5.12 | 4.87 | 4.97| 5.34 5.31| 5.42| 6.04| 6.44 4.68| 4,94 4.82 4.92| 4.78| 4.61| 4.61| 0.06f 0.03 ] 0.03 | 0.03 0.05 0.04
Fe0 21.00 [ 20.43 | 20.31 | 21.01 | 20.64 | 20.85 [ 20.71 [ 21.10 | 21.14| 20.70| 21.23 [ 20.18 | 20.49 | 20.15 { 21.01 | 26.70 | 28.49 |27.78 |26.39 | 2B.62 28.53
MRO 0.53| o.54| 0.52| 0.53 0.601 0.60| 0.61| 0.64 0.58| 0.51] o0.50| o.51| o0.54| 0.53{ o0.56| 0.0%] o0.12{ 0.08 [ 0.13 0.08 c.10
Mgo 11.63 | 12.83 | 12.50 | 11.27 | 11.92|11.80 | 11.06 | 10.63 | 12.15| 12.16{ 12.43|13.08 | 12.51| 13.07) 12.31 | 39.84 ] 38.44 | 38.26 [37.92 | 36.75] 37.27
ALy, 2 24.73 | 25.12 | 25.34 | 25.48 | 25.24| 25.02 ) 25.01 | 24.73 | 25.85| 25.85] 25.30 1 25.26] 24.58| 24.95( 25.04 | e | n.a.; n.a. | n.a. n.a. n.a.
sio, 18.39 | 39.18 | 38.38 | 38.12 | 38.17| 38.37 | 38.25] 38.52 | 37.42| 38.11| 38.87 {'38.39| 38.55| 38.34( 39.12 34.35] 32.95 | 32.85 [ 33.14 | 34.07 p 33.25
Total 101.40 ho1.97 [102.02 101,75 |101.88 [102.06 [101.6A [102.06 |101.82{101.72(103.11 |201.67 }101.82[101.74|102.15 |100.14 ]100.03 | 99.02 | 99.61 [100.57| 99.19
D 0.29 | 0.38| 0.38] 2.53 2.27] 2,003 1.80| 1.29 0.18| 0.00| -0.43[-2.25| -2.25] -4.45| -4.45| o0.00{ -0.02} 0.00]-0.01 | -0,05| -0.07
R/C R c R R R R R R R R R c R c R R c R c R c
N 3 2 2 4 2 2 2 1 3 3 3 2 3 3 3 5 2 2 2 2 2

Notation: VG, garnct from reaction skarn adjacent to vein; VOL, olivine from reaction skarn adjucent to vein; DG, garnet from reaction skarn adja-
cent to dike; n.a., not analyzed; D, distance toward dike or vein from outex interface (cm); R/C, rim or core; N*, number of analyses averaged.
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where FM is the sum Fe*+ + Mg?+ + Mn®+. Due to the presence of il-
menite and spinel exsolution lamellae in magnetite, the pre-exsolution
composition of these grains was estimated by defocused microbeam anal-
yses using spot sizes around 50 u in diameter. The resulting estimates of
magnetite compositions near the outer interfaces of both reaction skarns
are similar to those estimated for magnetites in country rocks containing
the olivine-orthopyroxene assemblage (table 3). Semiquantitive analyses
of the pre-exsolution compositions of the magnetites near the inner inter-
face of the reaction skarn adjacent to the plagioclase-quartz dike could
not be obtained due to the presence of coarse ilmenite lamellae in the
magnetites. As shown in table 3, ilmenite exhibits a decrease in calculated
Fe,O, mole fraction from the outer interface toward the inner interface
of the reaction skarn adjacent to the quartz vein. Cores of these ilmenites
are enriched in magnesium.

CHEMICAL POTENTIAL GRADIENTS

The relative magnitudes of the chemical potential differences of FeO,
MgO, and SiO, in the grain boundary network across the orthopyroxene-
bearing zones in samples displaying both orthopyroxene-quartz and ortho-
pyroxene-olivine contacts may be deduced by reference to the simpler
system MgO-FeO-5i0,. For the orthopyroxenes whose rim compositions
are displayed in figure 3, the grain boundary composition path may be
represented on the MgO-FeO-SiO, composition plane shown in figure 4.
In this figure this path is represented by a tie-line between olivine and
orthopyroxene at the outer interface and tie-lines between quartz and the
more iron-rich orthopyroxenes that make up the edge of the most prom-
inent protuberance into the quartz vein. For convenience the outer inter-
face and the point of first appearance of quartz in the grain boundary
network will be designated as interfaces (1) and (2) respectively in the
ensuing discussion.

If minerals in contact are in local equilibrium (Korzhinskii, 1959;
Thompson, 1959), the chemical potentials of the oxide components FeO,
MgO, and SiO, at these interfaces are defined by the expressions

lpeo = P Upeusioy, OL —F <17 MFe.siu0g OPX 1)
<P>Upeo = T P Upe,sin0g, 00X — 7181007 1)
<>Uago = <1>#Mg25i04, oL —% <1>I-L)IgSI:OG,OPX )
<>patgo = 7 targys1,0g, OPX — <P Ms10,, 07 2"
<>Ugio, = <1>[‘/Fe:Si:OG, oPX _<1>I~LF02SiO4, oL 3"
<PPUgi0p = PP Usi0,,02 3"

where the superscripts <> and <#> refer to interfaces (1) and (2). The
differences in chemical potentials of FeO, MgO, and SiO, between these
interfaces given by subtraction of these relations are
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_ 1<t .
Aflpeo = <P Hregsiog, OL —3 <7 fregsiz0g, 0PX

—3% <P Upeysin0q, orx T <P Ms104, Q2 (1)
Aptago = <17 Magysi04, OL —% < Urgosig0q, OPX

—3 <>largos1904, orx T <FUsi0,, oz 2
Af’«sxoz = <1>I~Lb‘928i206, OPX —<1>MFe2Sio4, oL —<2>,1L5102. Qz 3)

The relative magnitudes of these differences may be deduced by reference
to a hypothetical composition path in which the composition of ortho-
pyroxene remains constant between interfaces (1) and (2) (see fig. 4).
Providing that the composition of orthopyroxene picked for the
hypothetical path is identical to that of the orthopyroxene at interface (1)
in the actual path, the value of Aug;o, across these interfaces will be the

MgO FeO

Fig. 4. The composition plane MgO-FeO-SiO,. Tielines showing Fe-Mg fractiona-
tion between olivine and orthopyroxene at interface (1) and the Fe/(Fe + Mg) ratio of
orthopyroxene at interface (2) of the reaction skarn adjacent to the quartz vein are
indicated by the circled numbers 1 and 2. The finely dotted line indicates the present
difference in Fe/(Fe + Mg) ratio between olivines at interface (1) and orthopyroxenes at
interface (2). Arrows indicate the direction of change of the Fe/(Fe 4+ Mg) ratio of rims
of orthopyroxene grains between interfaces (1) and (2), and, interface (2) and the tip of
the orthopyroxene protuberance. Complete triangle and dashed lines representing two
sides of a second triangle on the right of the composition plane indicate probable
bounds on the Fe/(Fe + Mg) ratios of olivine and orthopyroxene in the stable assem-
blage olivine-orthopyroxene-quartz at 730°C and 8kb.
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same for the hypothetical path and the actual composition path which is
characterized by progressively more iron-rich orthopyroxenes toward in-
terface (2). This result may be deduced by inspection of expression (3).
In addition, it may be shown that Apy,e and Aupeo are equal for the
hypothetical case of constant orthopyroxene composition between inter-
faces (1) and (2), because the chemical potentials of Fe,Si,O¢ and Mg,Si,04
do not vary in this case. For constant values of the chemical potentials of
Fe,51,04 and Mg.5i,0, between interfaces (1) and (2) the difference (2)-
(1) may be written as

Attargo —Apipeo = (<1>#Mg2sxo4, oL —<1>#Fe2SiO4, oL)
(> Magosin0q. OPX —< > Ureosis0s, OPX) “)

which requires
Aﬁbngo = AI-LI<‘eO (5)

because the right hand side of (4) is zero if olivine and orthopyroxene are
in Mg-Fe exchange equilibrium. It is also apparent that for the hypothet-
ical case of constant orthopyroxene composition between interfaces (1)
and (2), the differences Apigeo, Atargo, and Aug;o, are identical in absolute
value due to the relation )

Ktargo + (1 =X)reo T Ms10, = F Firers_xy, Mex)28in0g, OPX 6)

Substitution of the equality of Apreo and Ao into the differences pro-
duced by subtraction of two equations of type (6), one for each interface,
yields the result

Aptpeo = Aptatgo = _A,LLSiO:_» ™

For the actual diffusion path in which Xpe,s1,04, orx increases from inter-
face (1) to interface (2), equality (7) is replaced by the inequality

A#‘Feo < _AMSIOL) < A,u'MgO (8)

This inequality is required because the only terms in expressions (1) to
(3) that differ for the two paths are <*>ure,si.0,, orx and <*>Uarg,s1004, OPXs
and these are respectively larger and smaller than for the hypothetical
path of constant orthopyroxene composition.

It was noted that beyond interface (2), pyroxenes in contact with
quartz become progressively enriched in Mg,Si,0; component toward the
core of the quartz vein. The observed increase in the mole fraction of
Mg,Si,O4 component in orthopyroxene in the presence of quartz requires
that the chemical potential of MgO goes through a minimum at interface
(2). This may be deduced from the relation

Margo = 3 Mg, si.06 OPX —Msi0,, Q7 (9)
Consideration of the analogous relation for FeO leads to the conclusion
that the chemical potential of FeO decreases from interface (2) toward the
center of the quartz vein. Similar constraints do not apply to the zones
surrounding the plagioclase-quartz dike due to the absence of ortho-
pyroxene-quartz contacts.
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Although the chemical potential paths of oxide components Si0,,
FeO, and MgO may be calculated directly for grain boundary channels
between orthopyroxene and quartz beyond interface (2), the chemical
potential paths of these components may not be defined directly between
interfaces (1) and (2). However, between these interfaces only one of these
paths may be regarded as independent due to the relations

Ureo T Msio, = F Mressin0g. OPX (10)
and
— — 1
MargFe — Maig0 —HMreo = 2 (M}Ingi:Oa. OPX —HMFe.Sis0g, orx) (1)

where the terms on the right hand sides may be calculated from composi-
tion data if activity-composition relations and endmember thermochemical
data are known and MgFe is the magnesium-iron exchange component
(compare, Thompson and Thompson, 1976). Alternately, given only
activity-composition relations, dilferences of chemical potentials of oxide
components MgO, FeO, and SiO, between any two points along the
diffusion path may be computed from expressions

<> <D>Appeo + <> Apgio, =
3 RT In [<>ap, 51004, orx/ < p0,s1,04. 0rx) (12)
and
<“>—<1)>A,u',\lg0 _<:x>»<h>AFLFOO —
3 RT In [(<2> 30,5104 0rx * <Ppe.81,04. 0rx)/
(<> * <0 >Ape,81.,06, OPX)) (13)

where <*> and <"> refer to any two points along the grain boundary
channel between interfaces (1) and (2). The corresponding differences
defined by the two interfaces may be calculated from the expressions

Apreo =+Ap.° + 3 RT In [(<>ape,s10,, o1)?/
(S ape,81,04 0PX * <*@pe.s1,06. 0PX)] (14)
Apsio, =—Ap,® + RT In [S>ap,s1004, orx/<ape,si0y, oL (15)

Apagie = 3 RT In [(<1>3Mg._,8i306, oPx * <2>aFe:Sl’:OG, orx)/
(*>2a1g.81,06, 00X * < Ape,51004.00x) ] (16)
where Ap,® is the difference (Ureqsio,, on + K510y, 0z — M Feu8150, oOPX)-
Most probable values of these differences are shown in figure 5 (see app.
1y along with the chemical potential paths of MgO, FeO, and SiO, as-
suming FeO has a linear chemical potential gradient between interfaces
(1) and (2). This assumption may be justified on the basis that the average
chemical potential gradient of FeO between interface (1) and (2) is about
equal to that defined along the protuberance. Note that the average value
of the chemical potential gradient of FeO between interfaces (1) and (2) is
approximately equal to that beyond interface (2) where its chemical po-
tential path can be defined directly.
The actual composition path as measured by the composition of
orthopyroxenes along the grain boundary network differs by the addition

Aarg.Sin0g, OPX
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of pyroxene components containing Al,O,, CaO, and TiO,. For these
oxides only the chemical potential path of Al,O; may be defined directly
from orthopyroxene composition because Al,O, is an independently var-
iable or actual component (Gibbs, 1928; Thompson, 1959) for all pyrox-
enes with the exception of the most aluminous pyroxenes which are in
contact with garnet. Differences in the chemical potentials of these com-
ponents cannot be computed with the accuracy of those for FeO, SiO,,
and MgO owing either to the dilute nature of some of the mineral
components that contain these oxide components or to the lack of phases
containing the mineral components in significant proportions at both
interfaces. To summarize calculations in app. 1, chemical potential gra-

dients between interfaces (1) and (2) appear to have been ordered as
follows:

< dpcio 03+ 03 > < ( — Mo g47 0.7 )

dx dx

< (&a.%rms ) < ( — w0 g2 090 ) (17)

dx dx

< ( — d_/’?& =4.9 = 0.2 kealfem >
X

taking directions toward the center of the quartz vein as positive. Except
for pgeo, average one-dimensional gradients of pgeo, fewo, and pago for
interface (2) to the tip of the protuberance,

_ Gereo oy 0452007, - M0 49 415 and
dx dx

_digo = (.60 = 0.05 kcal /cm, (18)
dx
may be differentiated from the average gradients of these components
between interfaces (1) and (2).

In comparison to the reaction skarn adjacent to the vein, the average
chemical potential gradient of SiO, is considerably smaller across the
reaction skarn adjacent to the dike by virtue of the differences in the
distances between interface (1) and the first appearance of abundant
quartz in the two skarns. Taking into account these differences the av-
erage chemical potential gradient of SiO, across the latter skarn is cal-
culated to have been 0.5 = 0.1 kcal /cm. Because the exchange potential
Margre Of orthopyroxene is approximately constant up to the margin of
the dike, chemical potential gradients of FeO and MgO were approx-
imately equal in absolute value but opposite in sign to that of S$iO, in
this reaction skarn. Beyond the margin of the dike the approximate
equality of chemical potential gradients of FeO, MgO, and —SiO, no
longer pertains, because isolated grains of orthopyroxene occasionally en-
countered in this dike within approx 2 mm of its margin exhibit an
iron-enrichment trend toward the core of the dike. Thus, in the narrow
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zone composed of plagioclase and orthopyroxene at the margin of the
dike, the chemical potential gradients of FeO, SiO,, and MgO were or-
dered by inequality (8)

d/»hx 20
dx

dusio,

dx

dl-LFcO
dx

< <-— (19)

The average gradient in the chemical potential of MgFe across this zone,
—5 kcal/cm, is the most extreme chemical potential gradient determined
for this component in either reaction skarn.

An interesting contrast between the reaction skarns is found in the
relative location of the zone adjacent to cumberlandite in which gradients
in Mar04 first become sizable. In the reaction skarn adjacent to the quartz
vein the zone composed of plagioclase, orthopyroxene, and ilmenite ex-
hibits the largest gradient of a0, Average gradients in gao, in the
remaining zones are negligible by comparison, and the overall gradients
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Fig. 5. Calculated oxide and exchange component chemical potential profiles across
the skarn next to the quartz vein in kcal/mole. All chemical potentials are assigned
the arbitrary value of zero at interface (1). Open sjuares, small and large filled circles,
and asterisks represent values of potentials calculated directly from microprobe data
(table 1), the inferred bounds on the three-phase triangle representing phase composi-
tions in the stable assemblage olivine-orthopyroxene-quartz in the compositions plane
MgO-¥eO-800, shown in figure 5 and assumptions about the thermodynamic mixing
properties of olivine and orthopyroxene detailed in app. 1. Solid lines represent poten-
tial paths inferred from these calculations; dashed lines represent potential paths for
the assumption that the chemical potential gradient of FeO is constant between inter-
faces (1) and (2). Insert in the lower left corner is 2 blow up of the profiles shown above
it. Zone assemblages are indicated in the strip at the bottom of this figure. Mineral
symbols are the same as in figure 2A.
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in individual zones are all of the same sign. In the reaction skarn adjacent
to the dike, however, the chemical potential of Al,O, follows an os-
cillatory path from interface (1) to the margin of the dike, before it
decreases toward the core of the dike. Due to the absence of orthopy-
roxene in most of the zone of plagioclase separating the plagioclase-quartz
core from the margin of the dike, the chemical potential paths of ALO,
and MgFe cannot be defined over most of this zone. However, the dif-
ference of pa,0, from the margin of the dike to where quartz appears
was likely similar to Apyy,0, providing the chemical potential of Na,O
was approximately constant due to the relation

1 —_
Z Ma1,03 = HNaAlSigOg, PLAG —3M5i02 —3 Mxa.0 (20)

and the similar compositions of plagioclase in contact with quartz ad-
jacent to both reaction skarns.

MASS TRANSFER AND MINERAL REACTIONS

Two approaches may be used to evaluate the mass transfer accom-
panying the formation of the reaction skarns. One of these is to use the
compositional and modal data from the individual zones to construct
diffusion paths (Darken, 1948, 1949; Thompson, 1975). Quantification of
the mass transfer required to form these paths is possible only insofar as
the compositions of the original rocks are known and an appropriate
reference frame(s) (for example, deGroot and Mazur, 1962; Brady, 1975)
can be selected. Alternately it is sometimes possible to evaluate the rel-
ative diffusivities of the components selected to describe the diffusion
process by examining the profiles of the chemical potentials of these
components. Because diffusion of a given component is usually a response
to a gradient in the chemical potential of that component, it follows that
components that diffuse relatively rapidly will establish smooth variations
in their chemical potential profiles. Those that behave in a more inert
manner may be characterized by discontinuities in these profiles where
the chemical potential gradients of the more inert components are not
independent of those of the faster moving components due to the mineral
assemblages within the layers of a reaction skarn.

Analysis of the chemical zoning patterns in the reaction skarns is
facilitated by the choices of oxide and exchange components to describe
the diffusion process. Although these may not always be the species ac-
tually diffusing, they are the only components for which chemical potential
paths may be unambiguously defined from the mineral assemblages. A
further simplifying assumption will be made in the analysis presented
here. Following ample petrological precedent (for example, Thompson,
1975; Brady, 1977), it will be assumed that gradients in the chemical po-
tentials of X,0, Na,O, H,O, and H, are negligible compared to those of
the remaining components due either to their high solubility in an inter-
granular fluid film or the lack of mineral assemblages defining their
chemical potentials at layer contacts or within layers.
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Logically the analysis of the mass transfer and mineral reactions in-
volved in the formation of the skarns should begin by developing an
analogy between the skarn adjacent to the quartz vein and one composed
only of orthopyroxene between masses of olivine and quartz in the simple
system MgO-FeO-Si0,. Although such an analysis yields some insights, it
is clear that it is necessary to consider the mineral reactions in more com-
plex chemical systems to explain many features of these skarns. However,
in this case it may be demonstrated that these details do not significantly
alter the systematics which will be developed from the analysis of the
MFS subsystem of the skarn next to the quartz vein. Thus, to streamline
the discussion and yet provide a foundation for demonstrating such con-
sistency, the nature and significance of non-MFS reactions are dealt with
in app. 2.

As detailed in the previous section, an outstanding feature of the
reaction skarn developed next to the quartz vein is the presence of an
approximately uniform chemical potential gradient in FeO of —0.47 =
0.17 kcal/cm between interface (1) and the core of the quartz vein, as
opposed to an average chemical potential gradient of —1.90 = 0.20 kcal/
cn for MgO between interfaces (1) and (2). The apparent mobility of
FeO, as measured by its ability to level off its chemical potential gradient
contrasts sharply with the kinked profile in the chemical potential of
MgO in the vicinity of interface (2). As emphasized in the development of
expressions (1) to.(8), Aup.o cannot be changed independently of Aptyreo.
For a given olivine composition at interface (1), iron-enrichment of ortho-
pyroxenes toward interface (2) results in an increase in Apy,o about equal
to the decrease in Aup.o relative to the absolute value of Au;go, which
remains unchanged. Mobility of FeO relative to MgO is further em-
phasized by the absence of core to rim iron-enrichment in olivines near
interface (1).

In the skarn adjacent to the quartz vein the pattern of intracrystalline
chemical zonation in orthopyroxene protuberances and the essentially
monomineralic orthopyroxene zone emphasize the relative importance of
grain-boundary as opposed to volume diffusion in maintaining the appar-
ent mobility of FeO during the metamorphism of these zones. If the
generation of the chemical patterns of this reaction skarn is ascribed to
conditions of essentially constant temperature and pressure, then the pat-
tern of chemical zonation in orthopyroxenes near interface (2) {iron-en-
richiment along grain boundaries relative to cores) records the successive
diminution of the chemical potential differences of FeO across the skarn
during its growth. Based on analogy with an orthopyroxene skarn in the
system MgO-FeO-SiO,, however, it is dificult to ascribe the development
of this zoning pattern to the establishment of a steady state at a given
temperature and pressure because this would lead to Fe-Mg zoning op-
posite to that observed.

In a steady state (Fisher, 1973; Joesten, 1977) the values of the chem-
ical potential differences of MgO and FeO across the skarn are determined
by the compositions of olivine and orthopyroxene at interfaces (1) and (2)
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and the fluxes of FeO and MgO generated by the reaction at interface (1),
<>Jpeo and <1>Jy. In attaining a steady state the ratio Agpeo/Aftarzo
adjusts such that the flux ratio <'>Jp.0/<*>]ye0 from interface (1) is that
required to produce orthopyroxene of constant composition at interface
(2), after it is altered by precipitation and exchange reactions across the
skarn. Consider, for example, the growth of a planar diffusion zone of
orthopyroxene between olivine and quartz rocks in the system MgO-FeO-
SiO,. If we assume that the composition of olivine remains constant at
interface (1) and choose FeO, MgO, and SiO, as components to describe
the diffusion process, then the reaction at interface (1) may be written as

<1>V3303 + (Mg, Fe,_)).510, = (1 + <>pgia,)/2 (Mgy Fe _;)).51,0,
+ 2 [x =y (1 + <>vg;6,)/2] MgO
+ 2 [(1 %) —(1 —y) (1 + <>pg,)/2] FeO (21)

where <>pg,0. is the reaction coefficient of S$iO, at interface (1) which
may vary between 0 and 1. The composition of orthopyroxene at inter-
face (1) is determined by the equilibrium distribution coefficient for Fe-Mg
exchange between olivine and orthopyroxene, K = y(I —x)/(x(1 —y)) =
1.34 for Xyg,si0,, o = 0.6. It is evident from expression (21) that the
flux ratio <>Jpeo/<*>Jyeo is a function of both the distribution coeffi-
cient for Fe-Mg exchange among olivine and orthopyroxene and the rate
of transfer of SiO, to interface (1) relative to that of (FeO + MgO), FMO,
to interface (2). Because orthopyroxene is more magnesian than the oliv-
ine with which it is in Fe-Mg exchange equilibrium, at least for the range
of olivine compositions observed here (compare Sack, 1980a), the flux
ratio <>Jpeo/<>] g0 generated from this reaction will be greater than the
Fe/Mg ratio of olivine at interface (1). For an olivine with Xy si0,, or of
0.6 the value of the ratio <*>Jpe0/<*>Jyy0 generated from reaction (21)
would be between 0.88 and 1.53 for values of <'>pg;q, between 0.0 and
0.5. During the growth of the skarn the reaction at interface (1) would
lead to iron enrichment of orthopyroxenes toward interface (2). This will
diminish the difference of | Aup.o | and augment the difference | Apago |
until the average fluxes of FeO and MgO across the reaction skarn.

j Fe0 = —Lreo (A.I‘LFCO/ AX) (22)

and
Jateo = —Largo (Aptargo/AX) (23)

are similar to the coefficients of these components in the reaction at inter-
face (1).* Assuming that a steady state was established in this manner, the
calculated gradients and observed compositions of olivine and ortho-
pyroxene suggest that the ratio Lpeo/Lao was about 5 in the skarn ad-
jacent to the quartz vein.

P Here the L, coefficients represent the products (C,D})/(RT), C; and D; are the
intergranular coancentrations, and diffusion coefficients of components i, Lgeo, and Laggo
are the average values of compositionally dependent phenomenological diffusion co-
efficients for ¥eO and MgO (Ly.o > L), Ax is the thickness of the skarn, and the
possibility of diffusion of a given component in response to a gradient in the chemical
potential of another component is neglected.
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As mentioned above, however, it is unlikely that the Fe-Mg zoning
patterns in orthopyroxenes near interface (2) are consistent with the
establishment of a steady state at 2a given temperature and pressure, at
least based on analogy with an orthopyroxene skarn in the system MgO-
FeO-Si0,. If a steady state Were established in such a skarn, orthopyrox-
enes near interface (2) would be zoned in Fe-Mg. However, they would
have more magnesian rims than cores, because the composition of ortho-
pyroxene at interface (2) would remain constant with growth of the skarmn.
As the layer of orthopyroxene widens, orthopyroxenes lying between
interface (1) and the initial contact would be more magnesian than re-
quired by local equilibrium between orthopyroxene and the exchange
medium whereas orthopyroxenes lying between the initial boundary and
interface (2) would be Jess magnesian than so required. Zoning would
result from continued internal precipitation of orthopyroxene Or by
exchange with the intergranular medium. This would result in ortho-
pyroxenes in the vicinity of interface (2) having iron-rich cores and
magnesium-rich rims, the opposite of that observed. Alternately, the
progressive iron-enrichment of orthopyroxenes near interface (2) may be
due to changes in the temperature and pressure of metamor phism. This
possibility will be considered more fully in the ensuing discussion.?

In contrast to FeO and MgO, for which relative diffusivities may be
deduced from the grain-boundary zoning patterns, the approximate dif-
fusivity of SiO, relative to FeO 4 MgO, FMO, may be deduced by defining
the location of the initial reaction interface. Two lines of evidence sug:-
gest that in the skarn next to the vein the initial reaction interface was
between the zone composed of plagioclase, orthopyroxene, and ilmenite
and the essentially monomineralic orthopyroxene zone. First, assuming
Al O, and TiO, are among the most inert components, the concentrations
of these components indicate that the initial contact was here because
orthopyroxenes in the inner orthopyroxene zone have negligible concen-
trations of ALO; relative to those in outer ZOnNes and Fe-Ti oxides are
normally present only in these outer zones and in cumberlandite. Because
AlLQ, is an independent component of orthopyroxene, the change in
Al O, concentration in orthopyroxenes in the plagioclase—orthopyroxene—

2 The reader will note that the possibility of zoning of olivine near interface (1)
was not considered in developing a steady state analogy tor the reaction skarn in the
system MgO-FeO-8iO.. Should zoning develop in the olivines, it would not significantly
affect the systematics presented here. Indeed it is possible that during the initial reac-
tion the quantities of TeO and MgO that expression (21) predicts would be generated
at interface (1) would define a value of (reo —fhatg0) in the intergranular medium
differing from that defined by the initial olivine composition. If this were the case,
olivines near this interface would become more iron-rich or magnesium-rich depending
on the sign of the inequality. This enrichment would continue until a balance was
achieved whereby the ratio FeO/MgO produced by the reaction at interface (1) was
balanced by disposal by diffusion into the skarn and by interdiffusion into crystals
along this interface and along grain—boundary channels in the olivine rock in response
to gradients in (weo —targ0) gencrated by the change in olivine composition at inter-
face (1). Whether zoning develops depends on the rate of supply of MgO and FeO
from the reaction at this interface rclative to that required to maintain or adjust
the composition gradient along grain boundary channels within the skarn such that

| Apreo < | Apacco B
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ilmenite zone defines a steep slope for (duay,o,/dr) across this zone; this
is in contrast to the relatively negligible slopes of (dua0,/dr) in the
remaining orthopyroxene-bearing zones between the inner and outer in-
terfaces (see fig. 5). Sporadic quartz inclusions in the inner orthopyroxene
zone provide a second line of evidence that the initial reaction interface
was between the zone composed of plagioclase, orthopyroxene, and ilmen-
ite and the inner orthopyroxene zone. However, this interface may not be
a strict marker of the boundary between the original lithologies owing to
the local occurrence of ilmenite in the inner orthopyroxene zone. Such
fragments may have been generated during the introduction of the
quartz vein.

The considerations given above suggest that, at least for the reaction
skarn adjacent to the quartz vein, the flux of SiO, across the initial
reaction interface was small compared to those of FeO and MgO. This
may be illustrated by considering expression (21) for an orthopyroxene
skarn between olivine and quartz rocks. If <>pg,q, is zero in this expres-
sion, then the number of moles of orthopyroxene on each side of the
initial reaction interface will be about equal because for each mole of
orthopyroxene formed at interface (1), two moles of FMO will be gen-
erated for diffusion across the skarn and reaction with quartz at interface
(2). With increasing <*>py,,,, the proportion of the orthopyroxene skarn
growing into the quartz vein would decrease until, in the limit that
<>pgi0, 15 one, orthopyroxene would form only by the reaction at inter-
face (1). Although the actual case represented by the reaction skarn
adjacent to the quartz vein must be somewhere between these extremes,
it appears that it was very close to the former case because the volume of
the skarn between interface (1) and the initial reaction interface is about
equal to the volume of orthopyroxene between this interface and the
center of the quartz vein (see fig. 2A). This comparison is not strictly
correct, however, because olivine does not comprise all of the cumber-
landite, and, as detailed in app. 2, both magnetite-breakdown and biotite-
forming reactions contributed to the flux of FMO across the initial
reaction interface. However, because these differences approximately
counterbalance each other, we may conclude that for the reaction skarn
adjacent to the quartz vein, the diffusion of SiO, across the initial reac-
tion was small compared to counterdiffusion of MgO and FeO across it.

Although the flux of SiO, across the reaction skarn adjacent to the
quartz vein was small compared to MgO and FeO, at least local diffusion
of Si0, across the outer margin of the plagioclase-quartz dike was re-
quired to produce the inner zone of the adjacent skarn. This is demon-
strated by the absence of quartz within the immediate outer margin of
the dike next to the inner garnet-orthopyroxene zone of its associated skarn.
Further, the two reaction skarns provide an interesting contrast in the
quantities of (FeO + MgO) supplied for the growth of the orthopyroxene
or orthopyroxene-garnet zones developed at the expense of the introduced
material relative to the overall thicknesses of the orthopyroxene-bearing
zones. In the reaction skarn adjacent to the plagioclase-quartz dike, the
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“initial contact” is also marked by Fe-T1i oxides. Proceeding from the dike
to interface (1), the initial contact surface or zone is marked by magnetite.
The composite zone consisting of orthopyroxene-garnet intergrowths and
the orthopyroxene mantle separating the garnet in these intergrowths
from contact with magnetite represents only approximately one-eighth of
the total volume of the orthopyroxene-hearing skarn adjacent to the dike,
whereas the orthopyroxene zone developed by replacement of the quartz
vein comprises about 45 volume percent of the other skarn. Taking into
account the density of FMO in these zones, it is estimated that for the
reaction skarn adjacent to the plagioclase-quartz dike the ratio (Jpo'®/
Ax) (lux of FMO/cm? past the initial interface/total thickness of ortho-
pyroxene-bearing skarn) is about 0.23 that {for the reaction skarn adjacent
to the quartz vein. The smaller ratio (Jrao'®/AX) for the orthopyroxene-
bearing skarn adjacent to the dike is readily understood in light of the
present absence of the orthopyroxene-quartz assemblage at the contact
between this skarn and the dike.
DISCUSSION

Several origins may be suggested for the patterns of intracrystalline
zoning of Fe/( I'e + Mg) of orthopyroxenes and olivines within the re-
action skarn adjacent to the quartz vein. The observed pattern of intra-
crystalline zonation is equivalent to clockwise rotation of the dotted line
in figure 4 or counterclockwise rotation of the Fe/(Fe + Mg) profile as
shown in figure 6. As mentioned above, for a skarn within the MFS sys-
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Fig. 6. Fe/(¥e + Mg) profile for olivines and orthopyroxenes across the rcaction
skarn adjacent to the quartz vein. Filled circles and tips of arrows indicate the present
rim compositions of orthopyroxenes and olivines. Open and filled stars represent the
Fe/(Fe + Mg) ratios of cores of olivine and orthopyroxene grains. The present grain
boundary path of Fe/(Fe 4 Mg) ratios of orthopyroxenes is indicated by the solid curve;
a possible carlier path is indicated by the dashed curve. Zone assemblages are indicated
in the strip at the bottom of this figure. Mincral symbols are the same as in figure 2A.
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tem, it is difficult to reconcile the pattern of Fe-Mg zoning of orthopy-
roxenes near interface (2) with an origin by isothermal diffusion alone.
For such a skarn this pattern may be readily explained by changes in
temperature and pressure. Possible bounds on such changes may be de-
veloped from analysis of the thermodynamic equations for the MFS skarn.
These bounds are consistent with those derived from (1) garnet-bearing
corona structures within the surrounding rocks (Sack, 1977, 1980b), (2)
the chemical zoning of orthopyroxenes in the dike next to the garnet-
orthopyroxene zone of the adjacent skarn, and (3) the distribution of
garnet within both skarns.

The system of thermodynamic equations which relate changes in
temperature, pressure, and App.o for a MFS reaction skarn is given in
table 4. This system consists of equations of three types: (1) Gibbs-
Duhem equations for mineral phases at layer contacts, (2) stoichiometric
equations needed to eliminate linearly dependent components, and (3)
relations between chemical potential and independent mole fraction
variables.® For the limiting assumption that d(Appeo)/dt ~ 0, bounds on
possible temperature or pressure variations consistent with the Fe-Mg
zoning of minerals near interfaces (1) and (2) may be approximated
through the relations

a(<1>le OL) P,<>X;, orx, Aptreo
(24)
o
N (<2>X;, orx —<>X;, orx)
( a(<2>X3> OPX) > P, <>X,, o, Areo ’
e (2 (X, <X, o)
H(<>X, or) T, <®>Xa, orx, Atreo

(25)

+ <—L—> (<2>X3, orx _<C>X3, OPX)
8(<2>X3, OI’X) T, <1>X1, oL, AF/P‘@O

where <>X, o, and <¢>X, opx are the mole fractions of Mg,SiO, and

Mg,S1,0, in the cores of olivines and orthopyroxenes near interfaces (1)

and (2) respectively, and the derivatives (3P/0X;)rx; and (31/9Xi)r x;

may be obtained from solution of the system of equations in table 4.
Solution of this system of equations for the condition AT = 0, for

example, gives the result

— <1>Cn. oL <<1>X1. QL _<1>X3. OI’X/Q)

AP AV*

(<>, or. —<>X,. o1)

(26)
<*>Gs;. orx (X5, orx/2)
AV*
3 Development of rclations with the form of the third set of cquations is outlined
by Thompson and Thompson (1976).

<<2>X3. OoPrX —<C>X3. OPX)
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where
AV* = [T or, + <22V g —(<>T opx + <2V 6px)/2]

+ _(<2>‘73, orx_—<2>‘74, orx) (22X, orx/2)
—(<2V, oL =<V, o1) (X, o —<X;, orx/2) 27

Assuming ideal mixing and using the molar volume data given in Robie,
Bethke, and Beardsley (1967) a value of AP = 1.5 kb is obtained for the
change in interface compositions shown in figure 6. An equivalent expres-
sion for AT may be written, but, due to uncertainties in entropy terms, a
more approximate method will be pursued instead. For the assumptions
that ACp = 0, dP = 0, and that olivine and orthopyroxene are ideal with
respect to thermodynamic mixing properties, we may write relation (14)
for two temperatures 'T',, the temperature of local metamorphic equilibra-
tion, and T, = T, —AT

(AI‘LFeO)TQ = (AM10>T2» p+ RT2 In IIXir (14')
(A/.Lpeo)T2_AT = (A}.lqo)Tz’ r+ ATASl" + RT, In 11X e —RAT In 11X e
(147)

where IIX;" and 1IX;¢ are the composition products for interfaces (1) and
(2) at present and at T, (for example, IIX; = (<1>X, o1)?/(<PX, opx
<2>X, opx)). Subtracting these relations, the alternate result

AT = [(Aptreo) Ty —(Aptreo)ro—ar] + RT, In (IIX;¢/IIX %) 28)
RIn 11X —AS,

is obtained. Continuing with the assumption that d(Apreo)/dt = 0, using
the value of AS,° estimated from the pressure-temperature brackets for the
FS endmember reaction of Bohlen, Boettcher, and Essene (1978) com-
bined with volume data via the Claperon equation, and assuming that
Fe-Mg fractionation between olivine and orthopyroxene is temperature
insensitive for olivines with Fe/(Fe + Mg) around 0.4 (Sack, 1980a), a
value of AT = T, —T, = —130 * 30° would be consistent with the change
in interface compositions shown in figure 6. For a hypothesis of retrograde
cooling, an assumption that (Apago/Apreo)r: < (Aftyco/Apreo)r, (T1 >
T,) is probably more reasonable considering the exponential dependence
of diffusivity on temperature. This assumption would suggest that the
estimate T, —T; = AT = —130 = 30° is a reasonable minimum bound for
the composition changes given in figure 6 because the sum (App.o -+
Apyggo) increases with decreasing temperature.

Although the bounds suggested above must be considered qualitative,
they illustrate that the zoning observed in olivines and orthopyroxenes
near interfaces (1) and (2) could have resulted from retrograde cooling
or increased pressure, and, they are in qualitative agreement with those
based on other considerations (see app. 2). As emphasized in footnote 2
and app. 2, however, not all of the zoning in the olivines near interface
(1) may be due to such an origin. However, this observation does not
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necessarily alter the nature of the conclusions reached. In fact it is likely
that due to intracrystalline diffusion, the total changes in compositions of
olivines and orthopyroxenes at interfaces (1) and (2) may have been
greater than those suggested in figure 6. Indeed, the compositions of
orthopyroxenes within the tip of the most prominent orthopyroxene pro-
tuberance, Fe/(Fe + Mg) ~ 0.48, and olivines in unaltered cumberlandite
(olivine~magnetite-ilmenite rock) of the country rock, Fe/(Fe + Mg) ~
0.045, suggest that this may have been the case. Given that Fe-Mg inter-
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diffusion coefficients of olivines are several orders of magnitude greater
than those of orthopyroxenes (for example Buening and Buseck, 1973;
Heubner, Ross, and Hickling, 1975; Virgo and Hafner, 1969), it would be
anticipated that a larger proportion of the total composition changes
might be recorded by orthopyroxenes. However, greater composition
changes at interfaces (1) and (2) than given in figure 7 do not necessarily
imply that the changes in metamorphic conditions were greater than the
bounds suggested above, at least for the retrograde model. For this model,
although the composition changes would suggest the terms in the numera-
tor of (28) were different than those suggested above, these differences
would be of opposite sign and similar magnitude, and |AS,° | > | RInIIX; .

Regardless of the pressure-temperature path(s) responsible for the
metamorphism of these reaction skarns, they illustrate several aspects of
the mechanisms of metamorphic reactions of apparently dry mafic rocks
at high grades of metamorphism.* (I) They suggest that grain-boundary

<« Fig. 7. Relationships between compositions of olivine, plagioclase, and garnct in low
variance assemblages in country rocks at 730 £ 50°C and 8 =+ 1 kb from Sack (I1980Db).
(A) Calculated diagram showing the mole fraction of Ca,ALSi,O,, in garnet (Xgp) as a
function of MgFe exchange potential as mecasured by olivine compositicn for bi- and
trivariant subassemblages of the six-phase assemblage olivine-orthopyroxene-clinopyrox-
ene-spinel-garnet-plagioclase in the systems FMAS, CFMAS, and NCFMAS and tri- and
quadrivariant assemblages in the NCFM(Fc,0,)AS system. Five-phase bivariant subassem-
blages in the NCFMAS system are indicated by a label for the missing phase in brackets.
Four-phase bivariant subassemblages in the CFMAS system are indicated by labels for the
two missing phases in brackets. Dashed curves parallel to curves (CPX) and (OPX) indicate
the displacement of these curves due to the addition of ferric iron-bearing components to
the assemblages. The mole fraction of Fe,O; component in spinel is used as a measure for
this addition. The three curves correspond to mole fractions of Fe,O; in spinel of 0.02,
0.04, and 0.06. Symbols on the right of this figure represent microprobe data from low-
variance garnet-bearing assemblages from Westport, N.Y. The symbols A, %, ¢, [J, and
@ represent the mole fractions of Ca;AlSi,O,, and Mgke exchange potentials (as measured
by olivine composition, Xr,) of garnets in the assemblages orthopyroxene-spinel-garnet,
olivine-spincl-garnet—plagioclase, clinopyroxene-spincl-garnet-plagioclase, and garnets in
coronas cored by orthopyroxene, olivine, and plagioclase, and clinopyroxene, olivine, and
plagioclase, respectively. Significance of arrow brackets outlined in text. (B) Calculated
diagram showing the mole fraction of CaAlSi,O, in plagioclase (X4x) as a function of
FeMg exchange potential as measured by olivine composition for bi- and trivariant subas-
semblages of the six-phase assemblage olivine-orthopyroxene—clinopyroxene-spinel-garnet~
plagioclasc in the NCFMAS system and tri- and quadrivariant subassemblages in the
NCFM(Fe,0,)AS system. Triangles show the phase relations of quadrivariant subassem-
blages in the NCFMAS system as they appear in the R,0O, plane (ALOy (A) —CaSiO, (CS) —
MgSiO, (MS)) after combining the components FeO and MgO, CaAlSi,O. and NaAlSi,Oy,
and NaAlSi,O,. Plotting coordinates are given by the following expressions:
CaSiOy’ = (2Ca0 + 6Na,0 + FeO + MgO —S8i0y)
MgSiO,’ = (MgO + FeO)
and
ALO, = (ALO; + CaO + 5Na,0 + FeO + MgO —Si0,) .

¢ Although the H,O fugacities that prevailed during the metamorphism recorded
here cannot be determined duc to the absence of mineral assemblages defining the
chemical potential of H,O in the skarns and country rocks, it may be inferred that
Pi,0 << Protar- This is suggested by calculations of fi,o in orthogneisses from the
Adirondack highlands (for example, Bohlen, Peacor, and Essene, 1980) and by the fact
that these skarns are about an order of magnitude thinner than blackwall type skarns
for which temperatures were several hundred degrees lower but where the presence of
a fluid phase was likely during metamorphism (for cxample, Sanford, ms).
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as opposed to intracrystalline diffusion is a rate-controlling reaction step.
(2) The skarn next to the quartz vein illustrates that SiO, may behave as
an inert component relative to MgO and FeO, and that AlO,,, despite
its relatively inert behavior, may establish smooth chemical potential
gradients across reaction skarns where solid solution phases may incor-
porate variable quantities of aluminous components. Inert behavior of
Si0, relative to FeO and MgO is consistent with the highly irregular
interface between the inner orthopyroxene zone and the quartz vein as
opposed to interface (1). The deduced mobilities of components, FeO >
MgO > SiO., contrast sharply with those generally inferred for blackwall
skarns (Sanford, 1978; Curtiss and Brown, 1969; Phillips and Hess, 1936)
or experimentally produced reaction skarns in the system MgO-SiO,-
H,O (Ildefonse and Gabis, 1976; Brady, 1977). These studies have estab-
lished that SiO, behaves as a more mobile component than either MgO
or FeO at higher activities of H,O than those that were likely to have
prevailed during the metamorphism of the orthopyroxene-bearing reac-
tion skarns. It is likely that these differences reflect a more marked
dependence of solubility of Si-bearing species such as Si(OH), on H,O
activity than do Fe- and Mg-bearing species. (3) The orthopyroxene-
bearing skarns illustrate that Fe-Mg zoning, even in minerals with rel-
atively large interdiffusion coefficients as olivine, may be preserved in
high grade, regionally metamorphosed rocks where chemical potential
gradients are extreme. The zoning patterns described here may be con-
trasted with homogeneous chemical patterns reported for most granulites
or those produced by localized retrograde cation exchange between ad-
jacent minerals (compare Lasaga, 1977). Further understanding of the im-
plications of the mineral zoning patterns described here may come from a
more detailed study of chemical zoning of minerals as a function of grain
size and location within the reaction skarn adjacent to the quartz vein.
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APPENDIX |
Calculation of chemical potential gradients
The potential differences Apreo, Atargo, and Apsio, were calculated frem expres-
sions (14) to (16). The value of the term Ap,° for the endmember reaction
Fe,$i,0, = Si0, + FeSi0, (AL-1)
was estimated based on the experimental data of Smith (1971), the P-T-X calibration
of Wood and Strens (1971), and assemblages in rocks which record local equilibration
conditions similar to those deduced here. In terms of these calculated quantities, the
contributions of errors in the quantity Ap,® determined by this method are negligib'e

compared with those stemming from uncertainties in the mixing properties of ortho-
pyroxenes and olivines. Although, based on presently available data, a strict error



Reaction skarns between quartz-bearing and olivine-bearing rocks 1003

analysis is impossible because it is assumption dependent, the magnitude of uncertain-
ties in these quantities may be illustrated by choosing three sets of possible bounding
assumptions for their mixing properties.

Based on (1) the experimental data of Smith (1971), (2) the P-T-X calibration of
Wood and Strens (1971), (3) the compositions reported by Jaffe, Robinson, and Tracy
(1978), and (4) Mg-Fe partitioning data obtained from natural quartz-orthopyroxene-
olivine assemblages by Bonnichsen (1969) and Smith (1971), the following composition
limits for orthopyroxene and olivine in the three phase assemblage were deduced for
the temperatures (700°-760°C) and pressurcs (7-9 kb) of local equilibration estimated
for the Westport rocks: 0.85 < XFegsleo(;v orx < 091 and 0.935 < XFC?S,O“_ oL < 0.965.
If we assume a temperature of 730°C, ideal solid solution of both olivine and ortho-
pyroxene, and allow for an additional uncertainty of 0.02 XFezS‘O.p o, the difference
Ap,o will be between —0.150 and —0.420 kcal/g{w. Due to the iron-rich nature of both
the olivines and orthopyroxenes in this three-phase assemblage, these results will not be
changed significantly if mixing in olivine and orthopyroxene is nonideal. The values
of Aptireos Aptago, and Apsio, computed from eqgs (14) to (16), assuming ideal solid solu-

tion in both olivine and orthopyroxene, are consistent with inequality (8):
(Apreo = —0.33 = 0.14) < (—Apsio, = + 0.62 =+ 0.14)
< (Aptago = -+ 1.138 % 0.19 kcal/gfw) (AL-2)

Alternatively, nonideality of mixing of pyroxene due to ordering of Fe* and Mg*
between M1 and M2 sites may be considered.

Based on the data of Virgo and Hafner (1969), Saxena and Ghose (1971), and
Matsui and Nishizawa (1974), it may be shown that at 1000°C and for olivines with
Fe/(Fe -+ Mg) ratios between 0.4 and 0.9, the composition dependence of the coefficient
for Fe-Mg cxchange between olivine and orthopyroxcene may be described adequately
treating olivine as an ideal solid solution and, for orthopyroxene, adding only a con-
figurational correction to the ideal formulation to account for ordering of Fe* and
Mpg* between MI and M2 sites. Based on the data of Saxena and Ghose (1971) a con-
figurational correction alone gives the alternate result for 730°C:

(Aipeo = + 0.20 = 0.14) < (—Apsio, = + 1.40 = 0.14) < (Apareo = + 2.37 = 0.19 keal/ghw).
(A1-3)

However, a configurational correction alone is not adequate to describe the composition
dependence of the coeflicient for Fe-Mg exchange even between only olivine and ortho-
pyroxenes of intermediate and high Fe/Mg ratios at 730°C. At temperaturcs between
700° and 760°C, the distribution coeflicient for Fe-Mg exchange between olivine and
orthopyroxene, as defined in (21), varies from roughly 1.4 (Fos_.,, Westport locality) for
intermediate olivines to between 2.5 and 2.7 for iron-rich olivine, (Fo,) (Bonnichsen,
1969). The intersite data for orthopyroxene (Saxcna and Ghose, 1971) interpolated to
730°C will account for only a variation from 2.25 to 2.6 for this range of olivine com-
positions. The remainder of the composition dependence of the distribution coeflicient
for Fe-Mg exchange between olivine and orthopyroxene may be ascribed primarily to
nonconfigurational Gibbs energy terms

orxsAG® = Glroypamyisizog T Glarpyrameayrysisoq =~ C°L{g251206 — G°Feys1,0,

(AL-4)

otAG® = C"(Fe)Mz(Mg)Mlsio4+ -(_;O(Mg)Mz(IFeMl)SlO4—‘ Col{g25104_§oF025104 (Al-5)
At 730°C with the effects of these bonding terms included in the estimates of the
thermodynamic mixing properties (Sack, 1980a), mixing properties of Fe-Mg olivines
and orthopyroxenes may be adequatcly described by the empirical binary (1-2) regular
solution formulation (for example, Thompson, 1967) for which

GB* =X, X,Wg . (AL-6)

Allowing for an error in estimates of W¢o™ of + 0.6 kcal, an error on Wg°" consistent
with the error bounds on WY and the composition dependence of the olivine-
orthopyroxene Fe-Mg distribution cocfficient, and calculating activity coefficients ac-
cording to the expression

RT Iny, = (I =X,)*W, , (AL7)
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the following estimates are obtained for the quantities Aureo, Apiargo, and Apsio,’
(Aptreo = 1 0.70 + 0.25) < (—Apsio, = T 1.90 = 0.25)
<(Apargo = 1 2.80 £ 0.30 kcal/gfw) . (AI-8)

The chemical potential paths of FeO, MgO, and Si0O, were calculated using expl‘cs§ions
(12) and (13) and the assumption that the chemical potential of FeO has a linear
gradient between interfaces (1) and (2). ]

The chemical potential path of ALO, across the reaction skarn adjacent to the
quartz vein was calculated from the expression

. <>Xarn <>Xagg, vz <P Xig, 3 a/2
A’L;\l‘)oiz =RTIn
i <P>Xia, <Ko an <X, are (AL-9)

where <"> refers to any particular point within the orthopyroxene-bearing reaction
skarn. This expression was derived by subtraction of two relations of the type

X)( M2 @

Mg, Mt

1504, OPX = *lL\):ox F+RTIn (X1, w) < (AI-10)

in which it is assumed (1) that ordering of AI*" in SiB and M1 sites is complete in
accordance with the crystallographic obsecrvations of Ganguly and Ghose (1979) and
Takeda (1972), (2) that ALO, obeys Henry's Law in the range of compositions encoun-
tered, and (3) that mixing of endmember pyroxene components Fe,$i,0, and Mg.Si,0,
is ideal, and where #1410, (= *Uaearosiog, orx —% MOeynin04. orX) is the Henry's
Law constant. <1>[L.\x203 —<2>,u,“,_,n3 defined by expression (AI-10) is at least 7.3 & 0.3
keal, the value obtained assuming ferric iron is absent in orthopyroxene and XM =
0.002 at interface (2).

Only rather general statements about the chemical potential paths of CaO and
TiO, can be made based on the zoning patterns of CaO in orthopyroxene (see fig. 5)
and the presence of ilmenite through zones between interface (1) and the initial contact
surface. The chemical potential difference Aycas may be deduced from the expression

Apcao = Bbgare T Akreo (AL-LT)

where the chemical potential path of the exchange component CaFe, like thar of MgFe
and ALO,, may be defined continuously throughout the reaction skarn. The chemical

potential path of CaFe was deduced from the expression

Xea, 32 <z 2
Apgars =RTIn (2% Y _RTIn _SPXewwe (AL-12)
Kre, a2 <>Xre, M2
in which Henry’s Law behavior is assumed for CaFeSi,O. in orthopyroxene, partitioning
of Fe** and Mg* between M1 and M2 sites is taken into account, and <!>> refers to
interface (1). Corresponding to the pattern of calcium variations in pyroxenes, the
chemical potential path of CaFe exhibits a maximum at interface (2) (see fig. 5). Other
features of the calculated path may not be significant in view of the uncertainties in
the probe data and calculation procedure. Even less definite statements can be made
about the chemical potential path of TiQ, Between interface (1) and the margin of
the zone composed almost entirely of orthopyroxene, the chemical potential profile of
TiO, is the mirror image of that of FeO due to the presence of ilmenite of essentially
constant composition and the relationship

HEeTiog, 1LM — Hriog + preo (AL-13)
Beyond this margin it cannot be defined with any certainty due to the dilute nature of
Ti-bearing mineral components in orthopyroxenc and the only rare presence of ilmenite.
APPENDIX 2
Non-MFS mineral reactions

There are two objectives of this appendix. Its first objective is to outline the non-
MFS reactions that have contributed to the present distribution of assemblages and
zoning patterns within the skarns. Its second objective is to document that inferences
based solely on the analysis of Fe-Mg zoning in the olivine-orthopyroxene-quartz sub-
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system of the skarns are consistent with deductions based on analysis of mineral
assemblages and associated patterns of disequilibrium within the larger systems com-
prised by the skarns and the country rocks. For these purposes, non-MFS reactions are
conveniently divided into two groups. These are garnet-forming reactions and rcactions
that preceded garnet-forming reactions.

Although it is possible to enumerate many types of garnect-forming reactions, only
two such reactions will be considered here. The first of these illustrates the effects
garnet growth may have had on zoning patterns established during initial growth of
the inner zone of the skarn next to the dike. The second of these places constraints on
the phase relations among the minerals olivine, orthopyroxene, clinopyroxene, spinel,
garnet, plagioclase in the NCFMAS system at the conditions of local metamorphic
equilibration.

Because garnet has a greater Fe/Mg ratio than other phases from which it can
form in the system CFMAS, growth of garnet within the inner zone of the skarn
adjacent to the dike may have erased an inner iron-enrichment pattern within it, pro-
viding components had lower diffusivities during garnet growth than they had at the
time of initial growth of this skarn. The possibility that an inner iron-enrichment
pattern was established in the inner zone of this skarn prior to local metamorphic
equilibration is suggested by the present makcup of this zone, orthopyroxene and
garnet, as well as by the isolated grains of orthopyroxene within the outer margin of
the dike which exhibit an increase in Fe/(Fe + Mg) from 0.34 at the dike margin to
about 0.45 2 mm to the inner side of the inner interface. This may be illustrated by
considering the reaction that led to the production of this zone. Assuming that the
initial composition of plagioclase in the dike was approx An,(Ab + Or)y (the average
composition of plagioclase adjacent to the reaction skarn at present), then, taking into
account the volumetric proportions and compositions of orthopyroxene and garnet in
this zone, making the assumption that ALO, behaves as an inert component, and again
combining MgO, FeO, and MnO as one component, MFO, this reaction may be
written as

Ca,1o(Na + K), Al 15815 5,05 + 1.55 810, + 0.06 CaO + 4.12 FMO (AIL-1)
plagioclase quartz
= 2.48 Ca, ,FM, 4,5i; O, + 0.41 (Na + K),O
orthopyroxene + garnct?

In this reaction it is not possible to specify the initial proportions of orthopyroxene
and garnet in this zone because these may be adjusted continuously by the iso-
chemical reaction

(MF), 81,0, + (MF)ALSIO; = (ME),ALST, O\ (AII-2)

OI'[hOperXCIlC gnrnc[

in response to changes of temperature and pressurc. Assuming approximately isochem-
ical replacement of orthopyroxene by garnet due to this reaction, orthopyroxenes in
this zone would have become more magnesian because garnet has a greater Fe/Mg ratio
than coexisting orthopyroxene. Such replacement could have crased an earlier inner
iron-enrichment pattern in this zone.

To test the plausibility of this assumed mechanism it is instructive to compare the
average Fe/(Fe + Mg) ratio of the inner zone of the skarn with that of orthopyroxenes
2 mm to the inner side of the inner interface. These pyroxenes have about the same
¥e/(Fe + Mg) ratio as the average Fe/(Fe + Mg) ratio of the inner zone, 0.45, but are
much less aluminous than the orthopyroxenes in contact with garnet in the inner zone
of the skarn. In addition, since the gradient in PareTe between the inner interface and

the orthopyroxenes in the dike is an order of magnitude larger than other such gra-
dients in either skarn, it is likely that prior to metamorphic equilibration of local
assemblages considerable replacement of orthopyroxene by garnet occurred in the inner
zone of the skarn adjacent to the dike. A completely secondary metamorphic origin for
the garnet in this zone might be considered questionable, however, because this would
imply considerable changes in pressure-temperature conditions between the time of the
initial growth of the skarn and final metamorphic equilibration of local assemblages.
If garnet were entirely secondary, during the initial growth of this zone the pyroxenes
would have been about 4.5 times more aluminous than they are at present. Based on
calibrations of the alumina content of orthopyroxene coexisting with garnet in the
system CFMAS (Wood and Banno, 1973; Wood, 1974; Akella, 1976) this would imply
that relative to the conditions of local metamorphic equilibration (730 %= 50°C and
8 = 1 kb) temperature-pressure changes were within the two limiting bounds: (1) a
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decrease in temperature of about 300°C at censtant pressure, and (2) an increase in
pressure of greater than 5 kb at constant temperature. )
Although it may be difficult to establish a completely sccondary metamorphic
origin for the garnet in the inner zone of the skarn next to the dike, S.UCI') an origin
may be established readily for the rest of the garnet in both skarns. In similar fashion
to the case discussed above, garnet mineralization in the skarn adjacent to the quartz
vein may have led to the erasure of an iron-cnrichment pattern in the outer portion of
this skarn. Within this portion of this skarn, as well as the corresponding portion of the
other skarn, garnet growth was controlled by a CFMAS analog of the MAS reaction

(1 —2x) MgALO, + 2 Mge—AlySie n0s = MgALSLO . -+ (I —2x)Mg,Si0,
spincl orthopyroxene garnet olivine
(A1I-3)

Evidence for a CFMAS analog of this reaction is recorded by the development of (A)
the three-phase assemblages spinel-garnet-olivine and orthopyroxene-olivine-garnet at
interface (1) in the skarn adjacent to the dike and (B) the assemblage olivine-spinel-
orthopyroxene at interface (1) in the skarn adjacent to the quartz vein. Although
extrapolation of experimental data suggest that at 730°C this reaction occurs at about
18 kb in the MAS system (Danckwerth and Newton, 1978; Herzberg, 1978; Obata, 1976),
the recaction boundary is shifted to lower pressures at a given temperature with pro-
gressive exchange along the exchange vectors CaMg (that is, Ca* —Mg*) and MgFe
because these exchanges are more extensive in the products than in the reactants of
(AII-8). Within the outer portions of the skarns where spinel was stable prior to garnet
growth, the reaction boundary was further stabilized relative to interface (1) due to the
lower values of Hateasio, within the skarns. Thus we may infer that in the reaction

skarn adjacent to the quartz vein, garnet growth began at about 0.53 cm to the inner
side of interface (1) and procceded to within about 0.5 mm of this interface. Within
this portion of the skarn a CFMAS analog of expression (AII-3) is not an appropriate
description of the garnct-forming reaction, however, because olivine was not stable
here. For the observed mineral compositions the garnet-forming reaction within this
skarn was

FMALO, + 1.71 Ca, ,sFM  1p5Al, 1281, O, + 0.4 CaO

spinel orthopyroxence (AII-4)
= 1.10 (Ca, ;xF M)A LSI O, + 1.42 FMO
garnet

assuming SiO, bechaved as an inert component relative to FMO and CaO. Becausc
garnet growth did not progress all the way to interface (1), the point of appearance
of garnet within this skarn provides a natural reversal for the extent of CaMg and
FeMg exchanges which must be made to a spinel-orthopyroxene—garnct-olivine assem-
blage initially in the MAS system, to stabilize it to the conditions of local metamorphic
equilibration recorded here.

It is instructive to comparc the bounds suggested above with those determined
from the composition data from local assemblages within the surrounding rocks (Sack,
1977, 1980b). In the CFMAS system the four-phase assemblage spinel-orthopyroxene—
garnet-olivine is trivariant. Hence at a given temperature, pressure, and mole fraction
of Ca,ALSi; O, in garnet (—0.13 in the skarn), the olivine composition in the four-phase
assemblage is uniquely determined.® Thus the composition of olivine in the three-
phase assemblage olivine-spincl-orthopyroxene at interface (1) places a minimum bound
on the Fe/(Fe + Mg) ratio required to develop the four-phase assemblage; a maximum
bound on this ratic may be obtained by taking into account the lower value of
Magpsio, at the point of appearance of garnet relative to that defined by olivine at
interface (1). In figure 7 these bounds are compared with the phase relations among
bi- and trivariant subassemblages of the six-phase assemblage olivine-orthopyroxene—
clinopyroxene-spinel-garnet-plagiociase in the NCFMAS system and subsystems at 730
* 50°C and 8 = 1 kb. The agreement between these brackets and the location of the
composition curve for the five-phase assemblage olivine-spinel-orthopyroxenc-garnet-
plagioclase (CPX) determined ifrom the country rocks demonstrates that the garnet-

® The assemblages in the skarns depart from the CFMAS system principally by the
additions of small amounts of Cr,Q., MnO, and Fe,0,. Although these additions raise
the variance of these assemblages, they do not alter the systematics presented here he-
cause they are readily taken into account. See caption of figure 7 for further clarification.
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forming reactions in the skarns parallel those in the country rocks and, thus, proves
that the skarns were formed prior to Grenville metamorphic equilibration® In addition,
because the composition of garnet in the three-phase assemblage garnet-orthopyrox-
ene-clinopyroxene is relatively insensitive to temperature and pressure, typically be-
tween 0.16 and 0.20 XC,3A125,3012' car (Thompson, 1979, Sack, 1980b), these brackets
effectively demonstrate that given an appropriate bulk composition, the full six-phase
assemblage may be stably developed over a range of temperature and pressure condi-
tions characteristic of the lower crust. Further, because the composition isopleths of the
binary solid solutions olivine and plagioclase have large angles of intersection over most
of the stability range of this assemblage (Sack, 1980b), it is an ideal reference for
outlining the fine structure of the gabbro-eclogite transformation and examining the
petrogenetic significance of garnet-bearing corona structures and associated patterns of
chemical disequilibrium in quartz-undersaturated rocks. Sack has used these isopleths
and patterns of disequilibrium in the country rocks to show that possible paths of local
metamorphic equilibration were bounded as follows: (1) dT/dh>90°/km for dT <0
and dP <0, (2) dT/dh <16°/km for dT >0, or (3) dT/dh <0 for dP>0 (where
dP = pgdh).

In addition to garnet-forming reactions and reactions within an endmember MFS$
skarn, reactions involving the alteration of plagioclase feldspar and magnetite are
required to acount for the present distribution of assemblages and zoning patterns in
the skarns. In the skarn next to the vein magnetite breakdown reactions are required to
explain the absence of magnetite in the plagioclase—orthopyroxene-ilmenite zone to the
outer side of the initial interface. The conversion of magnetite to ilmenite in these
zones may be represented by the reaction

1— 1—
[~ (3 T oo msmeron= [« (155) » T o
magnetite SS (AII-5)

+[l+2(x—( i:);)y )] FeO

1
+( l—); ) I: (1 —y)FeTiO; T yFe, 0, ]

ilmenite SS

where x and y are the mole fractions of Fe,O, and Fe,O, components in magnetite and
ilmenite solid solutions. This reaction together with the oxidation reaction

Fe.TiO, = FeTiO, + FeO (AIL-6)
ulvospinel ilmenite

provides mechanisms for generating FeO needed for mass-balance within the inner
orthopyroxene zone and producing core to rim iron-enrichments of orthopyroxenes
near interface (2) in both skarns.

The present distributions of biotite and hornblende within the skarn next to the
quartz vein suggests that AlOy, and SiO, behaved as inert components relative to CaO,
FMO, alkali, and volatile components during feldspar alteration reactions.. For the
assumptions that AlO;p,, TiO,, and SiO, behave as inert components relative to these
latter components, feldspar replacement reactions leading to the production of biotite
and spinel in zones bordering interface (1) of the orthopyroxene-bearing reaction skarns
may be approximated by linear combinations of endmember reactions

NaAlSi,0, + KO, + 3FMO + (H,0, F,, Cl,)

albite (AIL-T)
= KFM,;ALSi,0,(OH, CLF). + NaO, .,
biotite
NaAlSi;O, + KO, -+ FMTiO, + FMO + (H.O, F., Cly) =
albite ilmenite (AIL-8)
= K(FM,AI, 5Ti, 5)A18i,0,,(OH, Cl, F), + NaO,,,
biotite

¢In the NCFMAS system the composition curves for the four-phase assemblage
spinel-orthopyroxene-garnet—olivine (CPX, PLAG) and the five-phase assemblage (CPX)
are identical because both assemblages are effectively trivariant due to only negligible
substitution of Na,O-bearing components in all minerals but plagioclase.
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1.17 CaAlLSL,O, + KO, +2.33 FMO + (H.0,F,, Cl,) =

anorthite (AIIL-9)
=KFM, 5Al S1:.50(OH, Cl, F), + 1.17 CaO
biotite
and
$ CaALSi,Os + 2 FMO + 2 NaO,,, = 2 NaAlSi,0,; + 2 FMALO, + 3 CaO
anorthite albite spinel (AIL-10)

Potassium required for biotite was derived from components introduced with the dike
and vein or by KNa cxchange with feldspar. In the reaction skarn next to the quartz
vein NaO,,, liberated from reactions in the vicinity of interface (1) was used to gencrate
progressively more sodic feldspars between interface (1) and (2). This was accomplished
through (AII-10) or the reaction
2 NaO,;, + CaAl$i,0, + 2 FM8i,0, = 2 NaAlsi,0, 4 CaO 4+ 2 FMO
anorthite orthopyroxene albite (AII-11)

after a point at which spinel was no longer stable due to increased activity of SiO,. In
the plagioclase-orthopyroxene—ilmenite zone near the initial interface this latter reac-
tion further reduced the modal orthopyroxene/plagioclase ratio relative to that due to
(21). CaO liberated in reactions (AIl 9-11) was combined with FMO and SiO, (quartz)
to form orthopyroxenes at interface (2). Most of the CaO liberated in these reactions,
however, was consumed in the reaction

CaO + FM,81.0, = CaFMSi,0, + FMO (AIL-12)
orthopyroxene clinopyroxene

to widen the narrow zone of clinopyroxene (+ orthopyroxenc) next to the initial con-
tact. The set of reactions (21) (Al 5-12) plus the reaction
FMO + 810, = 1/2 FM,Si,0, (AII-13)
quartz  orthopyroxene

an analogous intrazone exchange and precipitation reaction may be combined to yield
balanced chemical reactions describing widening of the reaction skarn next to the
quartz vein prior to secondary metamorphic mineralization of garnet. In addition,
hornblende reaction relations must be added to the above list to account for more
details of the skarns.

Althougn a comprehensive treatment of hornblende reactions is heyond the bounds
of this discussion, it is instructive to consider briefly the pattern of hornblende min-
eralization within the reaction skarn adjacent to the quartz vein in light of our
assumptions that AlO,., Ti0,, and SiO; may be treated as inert components relative to
FMO, CaO, alkali, and volatile components. The pattern of hornblende mineralization
within this skarn appcars to support this assumption. Hornblende is of variable com-
position, but all hornblende analyses obtained have an Al/Si ratio greater than 1/8,
that of albite component. If both AlO,. and SiO, behave as inert components relative
to these other components, hornblende stability would be limited by plagioclase com-
position because the TiO, percentages arc comparable in the plagioclase-orthopyroxene—
ilmenite and hornblende-orthopyroxene zones. This would account for the observation
that hornblende is not usually present in the albitic portion of the compositionally
zoned plagioclase reservoir between interfaces (1) and (2) in this skarn. However, this
could also reflect the limits of hornblende stability (for example, Glassley and Soren-
sen, 1980).
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