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ABSTRACT
A composite stock of alkaline gabbro aﬁd syeﬂite is intrusive into
limestone of the Del Carmen, Sue Peaks and Santa Elena Formations at
the northwest end of the Christmas Mountains., There is abundant
evidence of solution of wallrock‘by magma but nowhere. are gabbro and
limestone in direct contact. The sequenée of lithologies developed
across the intrusive contact and across xenoliths is'gabbro, pyroxenite,
calc-silicate skarn, marble. Pyroxenite is made up of euhedral crysfals
of titanaugite and sphene in a leucocratic matrix of nepheline,
wollastonite and alkali feldspar. The uneven modal distribution of
phases in pyroxenite and the occurrence of nepheline syenite dikes,
intrusivé into pyroxenite and skarn, suggest that pyroxenite represents
an accumulation of clinopyfoxene "cemented"” together by late-solidifying
residual magma of nepheline syenite composition. Assimilation of
limestone by gabbroic magma involves reactions between célcite and
magma and/or crystals in equilibrium with magma and crystallization
of phases in which the magma is saturated, to supply energy for the
solution reaction. Gabbroic magma was saturated with plagioclase and
clinopyroxene at the time of emplacement. The textural and mineralogic
features of pyroxenite can be produced by the reaction
2(1-X) CALCITE + ANYAB ) yy =

(1-X) NEPHELINE + 2(1-X) WOLLASTONITE + X ANORTHITE + 2(1-X) CO,
Plagioclase in pyroxenite has corroded margins and is rimmed by
nepheline, suggestive of resorption by magma. Anorthite and

wollaotonite enter solid solution in titanaugite. For each mole of



calcite dissolved, approximately one mole of clinopyroxene was
crystallized. Thus the amount of limestone that may be assimilated
is limited by the concentration of potential clinopyroxene in the
magma. Wollastonite appears as a phase when magma has been depleted
in iron and magnesium by crystallization of titanaugite. The
predominance of mafic and ultramafic compositions among contaminated
rocks and their restriction to a narrow zone along the intrusive
contact provides little evidence for the generation of a signifiéant
volume of desilicated magma as a result of limestone assimilation.

Within 60 m of the intrusive contact with the gabbro, nodular
chert in the Santa Elena Limestone reacted with the enveloping
marble t§ form spherical nodules of high-temperature calc-silicate
minerals. The phases wollastonite, rankinite, spurrite, tilleyite
and calcite, form a series of sharply-bounded, concentric monomineralic
and two-phase shells which record a step-wise decrease in silica
content from the core of a nodule to its rim. Mineral zones in the
nodules vary 'with distance from the gabbro as follows:

0-5 m CALCITE + SPURRITE + RANKINITE + WOLLASTONITE

5-16 m CALCITE + TILLEYITE * SPURRITE + RANKINITE + WOLLASTONITE

16-31 m CALCITE + TILLEYITE + WOLLASTONITE

31-60 m CALCITE + WOLLASTONITE

60-plus CALCITE + QUARTZ
The mineral of a one-phase zone is compatible with the phases bound-
ing it on either side but these phases are incompatible in the same

volume of P—T—XC space.

0,
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Growth of a monomineralio zone is initiated by reaction between
minerals of adjacent one-phase zones which become unstable with
rising temperature to form a thin 1aye; of a new single phase that
separateé the reactants and is compatible with both of them. Because
the mineral of the new zone is in equilibrium with the phases at both
of its contacts, gradients in the chemical potentials of the exchange-
able components are established across it. Although zone boundaries
mark discontinuities in the gradients of bulk composition, two-phase
equilibria at the contacts demonstrate that the chemical potentials
are continuous. Hence, Ca, Si and 002 were redistributed in the
growing nodule by diffusion. A monomineralic zone grows at the
expensé of an adjacent zone by reaction between diffusing components
and the mineral of the adjacent zone. Equilibria between two phases
at zone boundaries buffers the chemical potentials of the diffusing
species. Thus, within a monomineralic zone, the chemical potentials
of the diffusing components are controlled external to the local
assemblage by the two-phasqequilibria at the zone boundaries.

Mineralogically zoned calc-silicate skarn occurs as a narrow band
that separates pyroxenite and marble along the intrusive contact and
forms a rim on marble xenoliths in gabbro. Skarn consists of melilite
or idocrase pseudomorphs of melilite, one or two stoichiometric calc-
silicate phases and accessory Ti-Zr garnet, perovskite and magnetite. The
sequence of mineral zones from pyroxenite to marble, defined by a
characteristic_calc—ailicate, is wollastonite, rankinite, spurrite,

calcite. Mineral assemblages of adjacent skarn zones are compatible
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and the set of zones in a skarn band defines a facies type, indicating
that the diffefent mineral assemblages represent different bulk
compositions recrystallized under identical conditions. The number

of phases in each zone is less than the number that might be expected
to result from metamorphism of a general bulk composition under condi-

tions of equilibrium, trivariant in P, T and uCO . The "special”
- TR

bulk composition of each zone is controlled by reaction between phases
of the zones bounding it on either side. VThe continuity of the gradients
of composition of melilite and garnet solid solutions across the skarn
is consistent with the local equilibrium hypothesis and verifies that
diffusion was the mechanism of mass transport. The formula proportions
of Ti and Zr in garnet from skarn vary antithetically with that of Si
vhich systematically decreases from pyroxenite to marble. The chemical
potential of Si in each skarn zghe was controlled by the coexisting
stoichiometric calc-silicate phases in the assemblage. Thus the
formula proportion of Si in garnet is a direct measure of the chemical
potential of Si from point to point in skarn. Reaction between
gabbroic magma saturated with plagioclase and clinopyroxene produced
nepheline pyroxenite and melilite-wollastonite skarn. The calc—
silicate zones result from reaction between calcite and wollastonite

to form spurrite and rankinite.
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INTRODUCTION

Rock units made up of a series of sharply bouﬁded mineral zones,
each consisting of a relatively small number of phases developed at
the contact between chemically dissimilar rocks, commonl& are
interpreted as being metasomatic in origin. Working models to aid
in the interpretation of the origin of metasomatic rocks have taken
two forms, one based on the application of Gibbs phase rule to the
mineral assemblage of each zone in an effort to determine the number
of components whose chemical potentials were controlled by their
initial concenfration and the number whose potentials were controlled
external to the local system (Korzhinskii, 1949; 1950, p. 50-52;
1959, p. 17-18; Thompson, 1959), the other based on an analysis of
the compatibility relationships between minerai assemblages of
ad jacent zones in an effort to distinguish between the transport
mechanisms of diffusion and infiltration (Xorzhinskii, 1970).
Although the phase rule with the boundary conditions proposed by
Korzhinskii provides a poﬁerful test of specific models for
metasomatic growth its application to petrologic systems has been
criticized by Weill and Fyfe (1964, 19467; gsee also replies by
Korzhinskii, 1966, 1967 and by Thompson, 1970) because the simple
counting éf phases cannot be used to uniquely determine the
variance of a system whose composition has changed through time,
without independent information about the path leading from the

initial to the final state of the system.



The purpose of this thesis is to examine a suite of rocks which
on the basis of field relationships are of unquestioned metasomatic
origin in order to determine the nature and scale of chemical exchange
and equilibration. Calc-silicate rocks were chosen for study because
mineral assemblages in them are very sensitive to small differences
both in bulk composition and in the environmental variables of
pressure, temperature and fluid phase composition, while the
composition of individual mineral phases are quite simple. By
study of calc-silicate skarn developed at an intrusive contact,
it is possible io examine both the products of metasomatism and the
initial reactants, unaffected by reaction. Thus, one can construct
a growth model, based on knowledge of the initial and final states
of the system, against which to critically test the criteria
proposed by Korzhinskii for the identification and interpretation
of metasomatic rocks.

The locality chosanvfor this study, in the Christmas Mountains
in the Big Bend Region of Texas, consiste of a composite stock of
alkaline gabbro and syenite that intruded the core of a small
anticlinal mountain range. The zoned calc-silicate skarn developed
in limestone at the intrusive contact and in xenoliths within the
gabbro is similar in many respects to the skarn at Crestmore,
California described by Burnham (1959) but it is simpler both in
its mineralogy and structural setting. Alkaline pyroxenite, of
magmatic origin, separates gabbro from skarn along the entire length

of the intrusive contact and forms rims on skarn xenoliths. The
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pyroxenite and its alkali-rich differentiates are mineralogically

similar to those at Scawt Hill and Camas Mor that resulted from the

assimilation of limestone by basaltic magma (Tilley, 1952; Tilley
and Harwood, 1931). The consistent spatial association of
contaminated igneous rocks and zoned calc-silicate skarn both in the

Christmas Mountains and at the localities described by Burnham and

by Tilley, sﬁggests that the processes of limestone assimilation

and metasomatic growth of skarn are both part of a single reaction
process involving magma and limestone.

The thesis consists of five parts:

(1) Geologic description of the western part of the Christmas
Mountains to provide stratigraphic and structural control on
the carbonate rocks involved in metasomatism and assimilation
and to determine the sequence and mechanism of emplacement of
the‘igneous rocks.

(2) Brief petrographic and chemical description of gabbroic and
syenitic rocks to provide a basis for comparison of normal
evolutionary trends of rock and mineral compositions in
uncontaminated igneous rocks with those resulting from the
solution of limestone by gabbroic magma.

(3) Petrographic and chemical study of contaminated igneous rocks
to determine the steps in the derivation of pyroxenite and
nepheline syenite from gabbro magma by assimilation of
rlimestone. It will be shown that the mineral assemblages of
pyroxenife and skarn may be derived by reaction between

limestone and magma saturated with plagioclase and clinopyroxene.
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(4) Graphical analysis of mineral assemblages in zoned calc-silicate
nodules from the contact aureole that were derived by reaction
between nodular chert and enveloping limestone to determine
conditions of P, T and\Xéoz'during metamorphism and to derive
a general model for the growth of zoned calc-silicate skarn by
reaction between incompatible phases and consequent diffusion.

(5) Petrographic and chemical study of mineral assemblages in
zoned calc-silicate skarn developed both at the intrusive
contact and in a large marble xenolith gabbro to determine
compatibility relationships ﬁetween minerél assemblages of
ad jacent zones, compare gradients in composition of solid
solutions and bulk rock across a skarn band and to test the

local equilibrium hypothesis and reaction-diffusion model

for the metasomatic growth of the skarn.
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1. GEOLOGY OF THE WESTERN PART OF THE CHRISTMAS MOUNTAINS
GEOLOGIC SETTING

The Christmas Mountains include an elliptical dome of Cretaceous
sedimentary rocks which diplradially away from a core of intrusive
gabbro centered near the northwest end of the range. The sedimentary
section exposed on the flanks of the dome consists of massively:
bedded limestones of the Early Cretaceous Comanchean Series, which are
disconformably overlain by a sequence of thin-bedded limestone, shale,
fluvio-marine sandstone and bentonitic clay of the Late Cretacous
Gulfian Series. In basins flanking the range, the Cretaceous rocks
are overlain by terriginous conglomerate, sandstone and clay of
Tertiary age which are interbedded with pyroclastic units and lava flows.

The Christmas Mountains lie at the center of the "Sunken Block",
a graben 50 to 65 km in width, with 1200 to 1800 meters of structural
relief, bounded on the east by the Sierra del Carmen and on the west
by the Terlingula Fault and Solitario Uplift. Feults and fold exes
within the Sunken Block trend north-northwest, parallel to the
boundary faults. The anticliﬁal axis and normal fault system in the
Christmas Mountains parallel this trend.

Hundreds of shallow intrusions and extrusions of alkaline
igneous rocks pierce the graben floor. The igneous rocks, part of
the Late Cretaceous and EBarly Tertiary alkaline igneous province of
West Texas, can be subdivided into a critically undersaturated
gabbro-syenite suite, members of which occur primarily as concordant
8ills and laccoliths, and a suite of peralkaline irachyandesites,

trachytes and rhyolites, which occur mainly in discordant plugs and




stocks and as pyroclastic units. The gabbro and syenite intrusives
in the Christmas Mountains belong to the first suite,

R. R. Bloomer (1949) mapped the geology of the northwestern part
of the Christmas Mountains, including the gabbro complex, at a scale
of 1:62500 and R. A. Maxwell (Maxwell, Lonsdale, Hazzard and Wilson,
1967) mapped the southeastern flank at the same scale, S. E, Clabaugh
(1953) described the contaminated igneous rocks and the calc-silicate
skarn developed at the contact between gabbro and 1ime3tone, wC
Swadley (1958) and E. C. Jenkins (1959) made a detailed plane table
map of the contact of the gabbro with the limestone along the eastern
margin of the intrusion at a scale of 1:1200. However, because
Bloomer's mapping was not sufficiently detailed and Swadley and
Jenkins®'s map included only half of the exposed length of the
gabbro-limestone contact, the gabbro complex and surrounding rocks
were remapped in the present study. An enlargement of a single
aerial photograph (U. S. Army Map Service photograph 26777) was used

as a base for mapping at a scale of about 1:18000 (Figure 1).




Figure 1. Geologic map of the western part of the Christmas Mountains,
Big Bend Region, Texas
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STRATIGRAPHY AND LITHOLOGY 6F THE SEDIMENTARY ROCKS

Stratigraphic units that crop out in the Christmas Mountains are
listed, with their approximate thickness, in Table 1 (Bloomer, 1949
and Maxwell et. al., 1967). A comprehensive discussion of the
Cretaceous stratigraphy of the Big Bend Regioh is given by Maxwell and
Hazzard (Maxwell et. al., 1967, p. 28—95). Only the Del Carmen, Sue
Peaks and Santa Elena Formations occur in intfusive contact with rocks
of the gabbro cdmplex, so the discussion of stratigraphy and lithology
will be limited to rocks of these formations.

Del Carmen Limestone

The Del Carmen Limestone is a thick-bedded to massive,
microcrystalliné limestone that is dark-gray to black on a fresh
surface and medium-gray where weathered. The black color is probably
due to the presence of finely divided carbonaceous matter, uniformly
distributed through the rock. On recrystallization to marble, it is
redistributed in streaky bands, giving the rock a gray and white
striped appearance. Black chert occurs locally in discountinous,
tabular, masses a few centimeters in thickness but as much as two
meters in length, that lie parallel to bedding.

Sue Peaks Formation '

Maxwell and Hazzard (Maxwell et. al., 1967, p. 40) have defined
the Sue Peaks Formation as "the soft lithostratigraphic unit that
forms a slope separating the sheer escarpments formed by the Del
Carmen Limestone below from the Santa Elena Limestone above." The
type section of the Sue Peaks Formation has been divided into a lower

calcareous shale (marl) member, 25 meters in thickness, and an upper
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TABLE 1

SEDIMENTARY ROCKS OF CRETACEQOUS AGE

CHRISTMAS MOUNTAINS, TEXAS

Name of Formation

Series Thickness

Javelina Formation 260 meters

= Aguja Formation 275 meters
—

g Pen Formation 215 meters
3}

Boquillas Formation 245 meters

Buda Limestone 15 meters

= Del Rio Clay 25 meters

‘ g Santa Elena Limestone 930 meters

8 Sue Peaks Formation 25 meters

Del Carmen Limestone

Base not Exposed
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thin-bedded limestone and shale member, about 80 meters thick
(Maxwell et. al., 1967, p. 41-42). Extensive thermal metamorphism of
the Sue Peaks rocks by the gabbro has reﬁdered the alope—forminé
characteristic of the Sue Peaks Formation of little practical value
as a mapping criterion in the Christmas Mountains. However, a 25
meter thick section marked by alternating beds of tan and rusty-brown
weathering, aréillaceous limestone can be easily distinguished from
the massive beds of Del Carmen and Santa Elena 1imestones'and has
been mapped as the Sue Peaks Formation. It is probably correlative
with the lower shale member at the type Sue Peaks locality.

Rocks of the Sue Peaks Formation, so defined, consist of two
lithologic components, a dark-gray, argillaceous microcrystglline
limestone that weathers light-gray to tan and a light-gray, argillaceous
microcrystalline limestone that weathers rusty-brown and stands‘out
in bold relief from surrounding tan limestone on a wéathered surface.
The rusty-brown limestbne occurs as bands, 2mm to 20 cm in width in
the upper 8 meters of the formation. The wide bands are made up of
individual, péper-thin lamellae interbedded with tan limestone, 1In
the lower 17 meters of the Sue Peaks section, the rusty-brown
limestone occurs as irregular, anastomosing layers enclosing "eyes"
of tan limestone giving the rock a "chain-link" texture on weathered
surfaces. The ratio of rusty-brown limestone to tan limestong
increages upward in the section from abaut 1:10 in the lower third

to 2:1 near the top.
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Santa Elena Limestone

The Santa Elena Limestone is virtually identical to that of the
Del Carmen in both stratificaticn and lithology. It differs
significantly from it, however, in the character of its nodular
chert. Very irregular, branching nodules of black, calcareous chert
with a rusty-weathered rind are sparsely distributed throughout the
Santa Elena Limestone. Nodules range in size from less than one
centimeter to about 20 cm. Although nodular chert is a minor
constituent of the formation, in some beds it makes up as much as
20 per cent of the rock. With the exceptién of nodular chert, the
Santa Elena, like the Del Carmen, is made up of relatively pure
calcite limestone. |
rBoquillas Formation

A fault-bounded slice of Béduillae limestone, extensively
intruded by dikes of rhyolite, trachyte and basalt occurs north of
Mud Springs Draw. Although baking by the dikes has altered the
lithologic character of the rock, it has been correlated with the

lower member (Ernst Member) of the Boquillas Formation by the presence

of Inoceramus labiatus (Schlotheim) (Maxwell, et. al., 1967, p. 64;

Adkins, 1928, p. 94 and Bdse 1913, p. 25-28.)
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THE GABBRO COMPLEX

The Christmas Mountains alkaline gﬁbbro complex consists of a
series of olivine- and nepheline-normative gabbros and syenites that
are discordantly intrusive into limestones of the Del Carmen, Sue
Peaks and Santa Elena Formations at the northwestern end of the range.
Figure 1 is a geologic map of the gabbro complex and surrounding
limestone. Gabbroic rocks crop out in a crescent-shaped body, astride
the anticlinal axis of the Christmas Mountains dome. Tﬁe slender
eastern limb of the gabbro outcrop is occupied by a coarse-grained,
olivine-biotite-titanaugite gabbro and a porphyritic olivine-biotite-
titanaugite gabbro. The coar;e-grained gabbro also crops out on the
bulbous. southwestern limb, where it is separated from limestone by
an arcuate body of fine-grained, biotite-titanaugite gabbro, 150 to
250 meters in width. A large, irregular mass of fine-grained to
pegmatitic pyroxene syenite has been intruded along the contact
between the coarse- and fine-grained gabbros, along much of its
length.

Intrusion and crystallization of the gabbroic rocks recrystallized
the limestone to marble in a zone 60 to 180 meters in width, parallel
to the contact. Cabbro and marble are never in direct contact, however.
They are always separated by a zone of alkaline>pyroxenite. 0.2 to
6 meters in width, which in turn is separated from marble by a 0.2 to

1 meter wide band of mineralogically-zoned, calc-silicate skarn.
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Intrusive Relationships

Because coarse-grained gabbro is intruded by both fine-grained
and porphyritic gabbro and by syenite, it is, by inference, the oldest
member of the gabbro complex. Within 50 meters of their contact,
the coarse-grained gabbro is cut by a network of small dikes of
fine-grained gabbro, proving that the latter is the younger of the
two. Although coarse-grained gabbro is massive within 100 m of its
contact with fine-grained gabbro, planar alignment of plagioclase
laths in the interior of the 4intrusion imparts a moderately
well—developed foliation to the rock that is parallel to the contact
with the younger, fine-grained gabbro. The foliation of the interior
of the coarse-grained gabbro body probably results from viscous drag
on the partially solidified coarse-grained gabbro due to emplacement
of the fine-grained gabbro.

The arcuate body of fine-grained gabbro probably was intruded
along the contact between coarse-grained gabbro and marble. Several
large, marble—cored skarn xenoliths occur in fine-grained gabbro
within 75 m of its contact with marble. Mafic échlieren in fine-
grained gabbro, found within a few meters of its contact with
coarse-grained gabbro may represent relects of the pyroxenit? formed
at the original contact between coarse-grained gabbro and marble.

Porphyritic gabbro is exposed in an arcuate mass, 60 to 150 meters
in width, intruded into coarse-grained gabbro and marble. Most of the
original contact has been removed by intrﬁsioﬁs of trachyte and
rhyolite which postdate the gabbro complex. However, a dike-like

extension of the porphyritic gabbro body, 0.3 to 3 meters wide,
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dipping steeply beneath the marble, is exposed along the east limb of
the coarse-grained gabbro outcrop. Because there are neither dikes
nor xenoliths of one gabbro in the othef, the age relationships are
based on the obse{vation that porphyritic gabbro is intrusive into
pyroxenite and skarn formed as a result of interaction of coarse-
grained gabbro with limestone. Intrusion of porphyritic gabbro into
pyroxenite and along the contact between skarn and marble is clear
evidence that it is ybunger than the coarse-grained gabbro. The
porphyritic and fine-grained gabbros are nowhere iﬁ mutual contact,
so that relative ages cannot be determined.

Thin dikes of fine-grained titanaugite syenite are intrusive
into gabbro of all three t&pes. Syenite dikes of two generations
are intrusive into fine-grained gabbro in an embayment into marble at
the southeastern end of the complex. The earlier of the two is a
coarse—grained olivine-biotite-kaersutite-augite-nepheline syenite.
Irregular dikes of fine-grained augite syenite of the second generation
enclose numerous angular blocks of fine-grained gabbro and coarse-
grained nepheline syenite up to 30 cm across.

A large, arcuate body of kaersutiteétitanaugite syenite was intruded
along the contact between coarse- and fine-grained gabbro. The
syenite ranges in texture from fine-grained to pegmatitic. Where
cross—cutting relations are seen, the pegmatitic phase is the younger.
Within 5 to 15 meters of the contact, fine-grained gabbro is extensively
fractured and intruded by fine-grained syenite. Syenite dikes in

the coarse-grained gabbro are rare.
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On the basis of cross—cutting relations, the sequence of
intrusion in the gabbro complex is: (1) coarse-grained olivine-
biotite-titanaugite gabbro, (Za) porphyritic olivine-biotite-
titanaugite gabbro, (2b) fine—grained biotite-titanaugite gabbro,

(3) coarse-grained olivine-biotite-kaersutite-titanaugite-nepheline
syenite and (4) kaersutite-titanaugite syenite.

The present outcrop pattern and the distribution of gabbro
xenoliths in trachyandesite breccia suggest that the coarse-grained
gabbro was probably intruded into limestone as a cylindrical body
about 1400 meters in diameter. Shrinkage of the gabbro mass on
solidification would have created a tensional field concentric with
the contact, thus providing zones of access'along which the arcuate
bodies of porphyritic and fine-grained gabbro and of syenite were
emplaced.

Although the folding that produced the Christmas Mountains dome
probably predated intrusion of the gabbro, gabbro emplacement modified
the structure near its contacts. The intrusive contact between
gabbro and limestone everywhere dips beneath the latter at-a dip of
60° or more, making an angle of about 50o with the bedding. However,
the strike of bedding in the limestone is roughly parallel to the
gabbro contact, indicating a doming of the strata during intrusion of
the gabbro. The parallelism of the Sue Peaks outcrop pattern to the
marble zone north of the gabbro body lends further support to the
hypothesis that the original form of the coarse-grained gabbro

intrusion was that of a cylinder.
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Pyroxenite

Pyroxenite, developed at the contact between gabbro and limestone
which was subsequently transformed to skarn, consists of titanaugite
and nepheline with accessory sphene and, in some cases, wollastonite.
Characterized by 60 to 90 percent modal titanaugite, pyroxenite is
readily distinguished from gabbro, in which clinopyroxene usually
amounts to no more than 30 volume percent. The contact between
gabbro and pyroxenite is generally sharp, but it is never cross
cutting. There are neither dikes nor xenoliths of one rock in the
other. Mineralogically similar pyroxenites are developed between
each of the three gabbros at contacts with each of the three
iimestones.

The contact between pyroxenite and skarn, which closely
represents the original contact between gabbroic magma and limestone,
is everywhere discordant. It dips beneath the marble with a dip of
at least 600. truncating bedding in marble thét dips away from the
intrusion with dips of 10° to 30°.

Although the contact between nepheline pyroxenite and idocrase-
wollastonite skarn is sharp, it has an irregular, undulating form,
characterized by sinusoidal to lobate embayments of pyroxenite into
skarn, Because mineralogical and textural zonation in the skarn are
parallel to the irregularities in the pyroxenite-skarn contact, its
present shape must have been established at or shortly after the
time of gabbro emplacement. In many cases, embayments in gkarn are
filled by pyroxenite, the result being a relatively planar gabbro-

pyroxenite contact in contrast to the scalloped pyroxenite-skarn contact.
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The irregular, but smoothly curved shape of the pyroxenite-skar
contact is suggestive of extensive solution of wallrock by magma, bu
because their contact is sharp, reaction must have involved limestone
rather than skarn. There is, however, a narrow zone at the pyroxenite-
skarn contact, 1 to 5 cm in width, in which skarn preserves relict
texture of pyroxenite, indicating that exchange and reaction across
the contact continued after solidification of the pyroxenite.

Although everywhere mineralogically similar, the thickness of
the pyroxenite zone varies both with the local shape of the contact
and with the gabbro type from which it was derived. Pyroxehite
relatéd to coaéée—grained gabbro occurs in a zone averaging 1.5 to 3
meters in thickness, whereas that derived from fine-grained or
porphyritic gabbro is seldom more than 20 tol4b cm thick.

Small xenoliths of green idocrase-grossular-wollastonite skarn,
2 to 15 cm across, are quite abundant in the thick pyroxenite zone
associated with coarse-grained gabbro, but none have been feund in
the gabbro itself. The xenoliths range in shape from ellipsoidal to
very irregular, branching forms. Within 0.5 meters of the contact,
crudely-tabular skarn xenoliths, 5 to 10 cm thick, are aligned parallel
to the contact. The presence of skarn xenoliths enclosed in pyroxenite
indicates that fragmentation of the wallrock was effective on a local‘
scale during gabbro emplacement. However, their lobate form and
smooth, rounded edges offer further evidence of the effectiveness
of solution and reaction between carbonate and magma.

Small skarn xenoliths, similar in size, shape and mineralogy to

those found in pyroxenite are locally common in the fine-grained
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gabbro near the contac£ with marble. These xenoliths which occur in
gabbro are separated from gabbro by a concentric shell of pyroxenite,
1 te 2 cm thick.

There are eight large skarn xenoliths, most 1 to 3 meters in
size, but as large as 3 x 13 meters, in the fine-grained gabbro
within 75 meters of its contact with marble along the southern margin
of the complex. Like the smaller xenoliths in the fine-grained
gabbro, skarn i§ separated from gabbro by a proportionately thick
shell of pyroxenite, 0.2 to 1 meter thick. In contrast to the
smaller xenoliths, which are made up entirely of idocrase-wollastonite
skarn, many of the larger xenoliths are compositionally zoned, with a
core of calcite marble, surrounded by concentric shells characterized
by the minerals, spurrite, melilite and in contact with pyroxenite,
idocrase.

In further contrast to the small xenoliths, which are restricted
in occurrence to a zone quite close to the marble, the large xenoliths
are not only found as much as 75 ﬁeters from the nearest contact,
but in one case, show evidence for vertical transport ;f similar
magnitude. A skarn xenolith, exposed on the southeastern flank of the
peak with an elevation of 1590 meters (4881 feet), has a core of
marble which preserves the distinctive thin-bedded tan and rusty-brown
weathering, argillaceous limestone characteristic of the upper part of
the Sue Peaks Formation. Projection of the Santa Elena-Sue Peéks

contact into the gabbro at this point demonstrates that this xenolith

has been carried upward about 100 meters by the gabbro magma.
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Gabbro and skarn are never in direct contact, but are always
geparated by a zone of pyroxenite. That tﬁe pyroxenite is magmatic
in origin rather than representing the innermost zone of skarn
developed in limestone, is clearly demonstrated by pyroxenite dikes
that are intruded into skarn in the large xenoliths. Because
pyroxenite probably represents an accumulation of titanaugite
precipitated ffom gabbroic magma in response to reaction with
limestone, the pyroxenite dikes were probably emplaced as a crystal
mush. However, fine-grained dike borders against skarn look like
chilled margins and suggest the possibility that a significant
proportion of the titanaugite in the dikes crystallized directly from
a pyroxenite magma.

Dikes of calcic nepheline syenite with accessory sphene,
wollastonite and rarely, andradite and pefovskite, are intrusivg into
both pyroxenite and skarn in xenoliths and at the main contact. Such
calcic nepheline syenite dikes may represent either a differentiate
of pyroxenite magma or the alkali-rich residue squeezed out of a
titanaugite cfystal mush .

Skarn

Calc-silicate skarn occurs in a band, 0.1 to 1 meter in width,
that everywhere separates pyroxenite developed from the interaction
of gabbroic magma with marble, from the marble itself. It is found
all along the contact between rocks of the gabbro complex with the
enclosing marble and as rims on large, marble-cored xenoliths in the
fine-grained, biotite-titanaugite gabbro. Skarn also occurs in small,

ellipsoidal to lobate xenoliths found both in pyroxenite derived from




21

coarse-grained, olivine-titanaugite gabbro and in fine-grained éabbro
where the xenoliths are enveloped by a thin shell of pyroxenite.

The most widely developed skarn mineral assemblages consist of
either melilite or idocrase and one or two of the phases wollastonite,
rankinite, spurrite and calcite. Titanian-zirconian garnet, perovskite
and magnetite are ubiquitous accessory phases. Zonation of mineral
aesemblages acrogss a band of skarn results from the presence of -
wollastonite in the zone in contact with pyroxenite, rankinite with
either wollastonite or spurrite in the middle of the skarn band and of
spurrite in th; zone in contact with marble. Although this mineralogic
zonation is inconspicuous in the field, two and locally three distinct
mineralogic zones can be recognized in most skarn outcrops. In
sequence from pyroxenite to marble, these zones consist of green
idocrase skarn, brown melilite skarn and, in contact with marble,
white spurrite skarn. The boundaries between these zones do not, in
general, coincide with those of the calc-silicate zones. The contact
between the green skarn and brown skarn marks the outer limit of
hydration of melilite to form idocrase. It usually occurs within
the wollastonite zone. However, idocrase, pseudomorphous after
melilite, occurs locally throughout the skarn, usually developed alang
fractures. The contact between the brown skarn and the white skarn,
which records a sharp decrease in the modal abundance of melilite,
invariably occurs within either the spurrite or spurrite-calcite

zones. In most exposures along the main intrusive contact and in
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smaller xenoliths, replacement of melilite by idocrase is complete,
and ‘the zone of brown skarn does not occur.

Within 20 meters of the gabbro contact, mineral assemblages
identical to those of the melilite and spurrite-calcite skarn zones
are developed across silica- and alumina-rich beds of the Sue Peaks
Formation. The symmetry of the minéral zonation in these beds as
well as the fact that they are separated from one another and from
the main skarn by beds of relatively pure calcite marble, shows that
skarn mineral assemblages may result from‘metamérphism of impure
limestone. However, proof that the mineralogic zonation in skarn is
the result of metasomatic introduction of material from gabbro, rather
than the iaochemiéal-metamorphism of a bedded sediment, is demonstrated
by the observations that (1) the sequence of mineral zones is the
same in skarns formed from the relatively pure limestones of the Del
Carmen and Santa Elena Formations and from rocks of the impure,
compositionally variable Sue Peaks Formation, (2) the zoning is
parallel to the pyroxenite contact which is discordant to bedding
in marble and (3) mineralogy and sequences of zones are the same on
all sides of marble-skarn xenoliths enclosed by gabbro.

POST-GABBRO IGNEOUS ROCKS

The western part of the Christmas Mountains remained as a
center of igneous activity after emplacement of the rocks of the
gabbro complex. Post—-gabbro igneous rocks consist of a suite of
extrusive and near-surface intrusive rocks that range in composition
from basalt through trachyandesite and'peralkaline trachyte to

rhyolite. Within the eastern part of the map area shown in Figure 1,
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swadley (1958 and Jenkins (19%9) identified 9 intrusive rock units

and worked out relative age relations between them. The sequence of

intrusion, from oldest to youngest is:

I.

II.

I1I.

Sill-like'intrusions parallel to gabbro-marble contact,
along eastern margin of gabbro complex.

1. Rhyolite

2. Peralkaline trachyandesite

Stocks, centered at southeastern margin of gabbrorcomplex.
3. Porphyritic trachyandesite

4. Syenite

5. Rhyolite

Stocks with radial dike swarms, intruded along northern and

‘western margins of present gabbro outcrop.

6. Porphyritic basalt
7. Trachyandesite breccia
8. Peralkaline trachyte

9. Pprphyritic olivine basalt

No attempt has been made in this study to extend datailed mapping

of the post-gabbro igneous rocks beyond the area mapped by Swadley

(1958) and Jenkins (1959).

Although several of the post-gabbro igneous rocks are intrusive

into limestone, there is no evidence for reaction between any of the

magmas with limestone and no skarn has been found at any of their

contacts with limestone.
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2, PETROLOGY OF THE GABBRO COMPLEX
INTRODUCTION

Igneous rocks of the Christmas Mbuntains alkaline gabbro complex
consist of olivine- and nepheline- normative gabbro and syenite.
Nepheline seldom appears in.the mode, however. Its presence in the
norms reflects the high aluminum content of the clinopyroxene and
magnetite. Ferromagnesian and oxide phases of the igneous rocks are
characterized by high titanium contents. Three types of gabbro were
distinguished in the field on the basis of textural differences and
cross—cutting intrusive relationships. The volumetrically important
rock types are, in order of emplacement:

(1) coarse-grained olivine-biotite-titanaugite gabbro

(2)‘ porphyritic olivine-biotite-titanaugite gabbro

(3) fine-grained biotite-titanaugite gabbro

(4) pyroxene syenite
Although the three gabbro types are composed of essentially the same
minerals, with similar compositions, rocks of each group have distinctly
different bulk compositions. A petrographic and chemical study was
made of the gabbroic and syenitic rocks in order to compare normal
evolutionary trends of rock and mineral composition with those
resulting from the interaction of gabbroic magma with limestone.

In order to understand the sequence of reactions between gabbroic
magma and limestone that lead to the formation of pyroxenite and
calcic nepheline syenite, it is necessary to know the mineral

assemblages characteristic of gabbro and syenite, the compositions of
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- solid solutions involved in the reactions and the phases in which each
magma was saturated or supersaturated on emplacement,

Bulk chemical compositioms of individval samples of igneous rocks
were determined by electron micréprobe analysis of glass discs made by
fusing equal parts by weight of pulverized rock and lithium tetraborate
at 1000°c in carbon crucibles in an electric muffle furnace. Sample
preparation and analytical methods as well as tests for precision and
accuracy are described in Appendix A. A list of igneous rocks analyzed,
with mineral assemblages and approximate modes, is given in Table B-1
(Appendix B). Bulk compositions and norms of rocks from the gabbro
complex are listed in Tables B-2 through B-5 and are portrayed
graphically on a set of Harker diagrams in Figure B-l and on triangular
AFM and Ca-Na-K diagrams in Figures B-2 and B-3.

Mineral compositions were determined by electron microprobe
analysis of the phases, in situ, in polished thin sections. Mean
values for mineral compositions in igneous and contaminated igngous rocks
are listed in Tables B-10 through B-17.

COARSE-GRAINED OLIVINE-BIOTITE-TITANAUGITE GABBRO

’ Coarse-grained olivine-biotite-titanaugite gabbro is characterized
by a sub-ophitic intergrowtﬁ of plagioclase and titanaugite, with
alkali feldspar and analcite, when present, occupying angular
interatiges between plagioclase laths. The average grain-size is 2
to 8 mm. Mafic silicate and oxide phases tend to occur together in
polyphase aggregates. Although olivine commonly is in contact with
titanéugite, it is never completely enclosed by it. The most common

teytural hnabhit of biotite is as rims on iron-ititanium oxide grains.,
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The probable sequence of the beginning of crystallization of the
phases is olivine, plagioclase, Fe-Ti oxide, titanaugite, alkali
feldspar, biotite. An averaged mode and mineral compositions for
coarse—grained gabbro are listed in Table 1.

Clinopyroxene from coarse-grained gabbro is characterized by
moderately strong optical absorption and pleochroism. The pleochroic
gcheme is XaZ=rose, Y=yellow. Pyroxene commonly is zoned, with the
absorption of the rim greater than that of the core. Zone boundaries
are sharp and planar.

Compositional characteristics of titanaugite are summarized in
Table 2, and on Figures la} 2a and 3a. The proportions of the
pyroxene molecules listed in Table 2 and plotted on Figure 1 were
computed by the normative procedure outlined by Kushiro (1962). The
main compositional variation in titanaugite from coarse-grained gabbro
is in the relative proportions of aluminum, titanium and silicon.
Although the concentrations of Al and Ti vary, the ratio Al/Ti is
approximately a constant (Figure 2&). Thé concehtration of aluminum
and, by analogy, that of titanium, vary inversely with the formula
proportion of silicon in clinopyroxene (Figure 3a). There is a
consistent excess of aluminum over that needed to balance the
tetrahedral silicon deficiency. The stfongly absorbing zone of
titanaugite has a ratio of (A14Ti)/Si that is greater than that in
the weakly absorbing zone. The range of variation in the ratio
(Fe+Mn)/(Fe+Mn+Mg) is small and the median values of this ratio are
identical for clinopyroxene from each of the three gabbro types

(Table 2).
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Iron-titanium oxide phases occur as composite grains of titanian
magnetite and ilmenite. Ilmenite occurs both as irregularly bounded,
optically homogeneous regions within the composite oxide grains and as
lamellae, generally 1 to 4 but as much as 20 microns in width, oriented
along (111) of the host magnetite. The concentrations of magnesium
and manganese are essentially identical in homogeneous and lamellar
jlmenite (Tables B-15 and B-16) but the lamellar phase is very slightly
enriched in the hematite component, computed by the scheme of Buddington
and Lindsley (1964). Magnesium and manganese are concentrated in
ilmenite relative to magnetite, while aluminum is strongly fractionated
to magnetite. Although the composition of coexisting magnetite and
lamellar ilmenite varies from sample to sample, the conditions of
subsolidus oxidation, determined with the curves of Buddington and
Lindsley (1964) are consistently in the range 680 to 750°C and

9 bars 6xygen fugacity.

10727 40 107

Biotite is strongly pleochroic, with X=yellow-brown and Y=Z=deep
red to deep red-brown. Biotite has a uniform titanium content of 0.9
atoms per formula unit of 16 cations. The main compositional variable
in biotite is the ratio Fe/(Fe+Mg) which ranges between 0.29 and 0.54.
Although biotite forms rims on Fe-Ti oxide grains, there is no
consistent pattern of zonation in Fe or Ti.

Plagioclase shows both normal and oscill&tory.zoning. The range

of compositional variation of feldspar from two samples of coarse-

grained gabbro are shown on Figures 4a and 4b.
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TABLE 2

ELECTRON MICROPROBE ANALYSES OF CLINOPYROXENE
CHRISTMAS MOUNTAINS, BIG BEND REGION, TEXAS

FORMULA PROPORTION OF CATIONS (MEDIAN VALUES)

Ca Na Mg Fe Mn Al Ti Si 0
Fg 0.90 0.04 0.73 0.30 0.01 0.08 0.03 1.90 6
Sy 0.89 0.08 0.46 0.56 0.02 0.06 0.01 1.92 6
PROPORTION PYROXENE MOLECULES
Cg w045EN41F514 A09D168HED23
Pg w046EN4OFS14 ACIIDI66HED23
Sy WO47EN25F328 A015D140HED45
RANGE OF VARIATION IN CATION PROPORTIONS
Fe+Mn
Fe+Mn+Mg Median Al Ti Al/Ti
Cg 0.24-0.34 0.29 0.06-0.27 0.02-0.09 2.7
Fg 0.25-0.137 0.29 0.04-0.18 0.02-0.03 3.2
Pg 0.19-0.39 0.29 0.04-0.39 10.01-0.11 3
Sy 0.48-0.67 0.56 0.05-0.04 0.05-0.04 4
Cg Median or range of 90 point analyses of clinopyroxene from coarse-
grained gabbro
Fg Median or range of 43 point analyses of clinopyroxene from fine-
grained gabbro
Pg Wedian or range of 68 point analyses of clinopyroxene from porphyritic
gabbro
Sy Median or range of 23 point analyses of clinopyroxene from syenite



Figure 1.

30

Electron microprobe analyses of clinopyroxene from igneous
rocks plotted on pyroxene quadrilateral. Proportion of end-
member molecules computed by the normative scheme of Kushire
(1962),

a. 90 point analyses from coarse-grained gabbro

b. 43 point analyses from fine-grained gabbro

c. 68 point analyses from porphyritic gabbro

d. 23 point analyses from syenite
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Figure 2. Electron microprobe analyses of clinopyroxene from igneous
rocks. Atomic fraction aluminum plotted against atomic
fraction titanium. Points which plot along a straight line
that passes through the origin have the same ratio of Al/Ti.
Dotted lines represent Al/Ti of 1, 2, 3, 4, and 5.

a. 90 point analyses from coarse-grained gabbro
b. 43 point analyses from fine-grained gabbro
c. 68 point analyses from porphyritic gabbro

d. 23 point analyses from syenite
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FigulF 3.
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Electron microprobe analyses of clinopyroxene from igneous
rocks, formula proportion aluminum plotted against tetra-
hedral silicon deficiency, defined as 2.0 minus the formula
proportion of silicon, for a mineral formula based on 4.0
cations.

a. 90 point analyses from coarse-grained gabbro

b. 43 point analyses from fine-grained gabbro

¢. 68 point analyses from porphyritic gabbro

d. 23 point analyses from syenite
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Figure 4.
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Electron microprobe analyses of feldspar from igneous rocks.

a.
b.
C.
d.
eo
f.

23 point analyses from coarse-grained gabbro, CM-39-6
29 point analyses from coarse-grained gabbro, CHM-T77A
9 point analyses from fine-grained gabbro CM-109-5

19 point analyses from fine-grained gabbro CM-136

22 point analyses from fine-grained gabbro CM-276

58 point analyses from porphyritic gabbro CM-39-1

63 point analyses from porphyritic gabbro CM-69

19 point analyses from syenite CM-81

27 points analyses from syenite CM-294A
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FINE-GRAINED BIOTITE-TITANAUGITE GABBRO

Fine-grained biotite-titanaugite gabbro is an equigranular rock
with an average grain size of 2 to 4 mm. An averaged mode and
mineral compositions are listed in Table 3. Mafic silicate and Fe-Ti
oxide phases tend to occur in clots within a matrix of plagioclase
laths. Titanaugite occurs in equidimensional, subhedral to anhedral
grains, with no included plagioclase. Ophitic biotite grains commonly
have inclusions of Fe-Ti oxide. Large (1 to 5 cm), optically
continuous, sieve-textured grains of biotite impart a crude foliation -
to some samples. The ratio of included plagigclase. titanaugite,
Fe-Ti oxide and apatite to host biotite is approximately T7:3. The
inferred sequence of beginning of crystallization of phases is
plagioclase, titanaugite, Fe-Ti oxide, amphibole, biotite.

In contrast to the deeply-colored titanaugite of the coarse-
grained gabbro, titanaugite from the fine-grained gabbro is nearly
colorless and only weakly pleochroic. The pleochroic scheme is X=Z=
very pale green, Y=very pale yellow. Large grains commonly are zoned,
the rim having the pleochroism just described and the core having a
scheme like that of the clinopyroxene from the coarse-grained gabbro,
but with very pale tints.

Compositional characteristics of clinopyroxene from fine-grained
gabbro are summarized in Table 2 and on Figures lb, 2b and 3b. The
range and median values of the ratio (Fe+Mn)/(Fe+Mn+Mg) in clinopyroxene
from fine-grained gabbro are identical to those of clinopyroxene
from coarse-grained gabbro. Although the ranges of aluminum and

titanium concentration overlap for clinopyroxenes from the two rock
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types, median concentrations of Al and Ti are significantly lower in
clinopyroxene from the fine-grained gabbro.

Although the modal proportion of biotite in fine-grained gabbro
is greater than that in either coarse-grained or porphyritic gabbro,
jts composition is essentially the same in each of the rock types. The
ratio Fe/(Fe+Mg) varies between 0.48 and 0.53 in biotite from fine-
grained gabbro.

Opaque phases consist of individual grains of optically
homogeneous ilmenite and of titanian magnetite with lamellae of
jlmenite, 1 to 8 microns in width, exsolved aloig (111). The
distribution of magnesium, manganese and aluminum between homogeneous
and lamellar ilmenite and between lamellar ilmenite and magnetite is
similar to that determined for Fe-Ti oxide phéses in coarse-grained

gabbro. Conditions of subsolidus oxidation recorded by lamellar

20 21

ilmenite and titanian magnetite are 600 to 620°C at 10 <" to 10~
bars oxygen fugacity.

Plagioclase shows normal and diffuse patchy zoning. ?he range
of compositional variation in plagioclase from three samples of fine-
grained gabbro are shown in Figures 4c, 4d and 4e.

PORPHYRITIC OLIVINE-BIOTITE-TITANAUGITE GABBRO

Porphyritic olivine-biotite-titanaugite gabbro is characterized
by 5 to 10 mm phenocrysts of plagioclase, rimmed by alkali feldspar
and set in a matrix of 0.05 to 2 mm grains of titanaugite, Fe-Ti
oxides and alkali feldspar. An averaged mode and mineral compositions

are listed in Table 4. The dominant textural features of the

porphyritic gabbro are the composite phenocrysts which consist of two
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or more euhedral, oscillatory-zoned crystals of plagioclase, joined in
a synneusis relation (vance, 1969), and enveloped by an euhedral, post-
synneusis plagioclase overgrowth which in turn may be enveloped by a
rim of alkali feldspar (Plate 1). The same rimming relationships are
developed on phenocrysts with a single plagioclase crystal in the core.
The matrix of the rock consists of a xenomorphic aggregate of alkali
feldspar and népheline with irregular; anhedral to euhedral grains
of titanaugite, Fe-Ti oxides included within ragged flakes of biotite
and olivine, partially to wholly enveloped by a thin reaction-rim of
granular clinopyroxene and magnetite. There islno plagioclase in the
groundmass. Inclusions of titanian magnetite and olivine in
plagioclase, the presence of euhedral titanaugite in the matrix and
the mantling of plagioclase phenocrysts by alkali feldspar suggest that
the sequence of beginning of crystallization was olivine and magnetite,
plagioclase, titanaugite, alkali feldspar, nepheline, biotite.

Titanaugite in porphyritic gabbro is indistinguishable optically
from that in fine-grained gabbro. Compositional characteristics are
summarized in Table 2 and on Figures lc, 2c and 3c. Despite wide
variation in bulk rock composition, clinopyroxene from each of the
three gabbros are very similar in composition. Median values of the
ratio (Fe+Mn)/(Fe+Mn+Mg) are identical. The main difference between
clinopyroxene from the three rock types is in the relative proportion
of aluminum, titanium and silicon.

Fe-Ti oxide phases consist of individual grains of optically

homogeneous ilmenite and of titanian magnetite with lamellae of
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Plate 1. 'Photomicrogra.ph of composite feldspar phenocryst in
porphyritic gabbro. Composition of individual plagioclase
grains in core range from AN66AB330R1 to AN39AB580R3.
Composition of the plagioclase overgrowth ranges from
AN34AB6 OR, to AN ABTOOR10' Alkali feldspar rim varies

33 20
in composition from AN9M3610R30 to ANzAB280R70.
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jlmenite exsolved along (111). There are two distinct populations

of ilmenite lamellae within single crystals of titanian magnetite, a
coarse set, 15 to 35 microns in width, and a fine set, 1 to 4 microns
in width. Compositional differences between the sets are small

and although differences in conditions of subsolidus oxidation are
probably not significant, the fine set may have exsolved at a slightly
lower femperature and oxygen fugacity than did the coarse set.
Conditions of subsolidus oxidation are 700 to 800°C at 10-15 to

]_0_16 bars oxygen fugacity.

Electron microprobe point‘analyses of feldépars from porphyritic
gabbro show continuous variation in composition between limits of
AN66A3330R1 and ANZABEBOHTO and outline the ternary feldspar solvus
on a triangular plot of molecular‘anorthite; albite and orthoclase
(Figures 4f and 4g). Individual feldspar phenocrysts consist of two
or three optically distinct feldspar phases which exist in a mantling
relationship. There is no evidence for simultaneous crystallization
of two feldspars. Analyses taken across individual mantled
phenocrysts indicate that although compositional continuity between
the plagioclase core and the alkali feldspar rim exists in some grains,
others exhibit distinct compositional gaps. Alkali feldspar with
composition AN9AB610R30 mantles plagioclase uifh a rim composition
of AN, AB,OR) o in sample CM-69 (Plate 1). where compositional
gaps do not occur, compositional gfadients are steep.

The extreme compositional zoning of the feldspars and the lack

of evidence for simultaneous crystallization of two feldspars

indicate that the feldspar did not éontinuously equilibrate with the
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melt and that the liquid completely solidified before its composition
reached the two feldspar-liquid cotectic. The continuous zoning records
the fanning of tﬁe tie-lines joining solid and melt necessary to
maintain tangency between each tie-line and the path of liquid
descent on the ternary phase diagram. Because the path of liquid
descent roughly parallels the trace of the ternary solvus along the
anorthite-albite and alﬁite—orthoclase side-lines, large changes in
liquid composition result in relatively small éhanges in the composition
of coexisting feldspar, for feldspar compositions over the ranges
AN?OAB3O to ANBSAB65 and ABTOORBO to AB300R70. However, for feldspar
compositions that outline the trace of the solvus, in the region where
the solvus is strongly curved, a small change in the composition of
the liquid produces a large change in the composition of the coexisting
feldspar. Rapid cooling through this interval results in a
compositional gap in the zoning of solid feldspar.
PYROXENE SYENITE

Syenite from the arcuate body intruded along the contact
between coarse-grained and fine-grained gabbro is made up of a
xenomorphic aggregate of alkali feldspar, some grains of which have
plagioclase cores, and stubby to prismatic crystals of green
clinopyroxene. Orain size is highly variable on the scale of an
outcrop. It ranges from very fine-grained (1 mm) to pegmatitic. An
averaged mode and mineral compositions are listed in Table 5.

Clinopyroxene in syenite is characterized by moderate to strong
optical absorption and pleochroism. The pleochroic scheme is X=sZ=agreen,

Y=yellow, Electron microprobe analyses, summarized in Table 2 and on
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Figures 1d, 2d and 3d, show that clinopyroxene from syenite differs
from those from the gabbros in having greater ratio of (Fe+Mn)/
(Fe+Mn+Mg) and significantly lower concentrations of Al and Ti.

Large xenomorphic.grains of alkali feldspar commoniy have a core
of plagioclase. Electron microprobe analyses of alkali feldspar and
plagioclase (Eigures 4hAand 4i) show a gap between the composition of
the most sodic plagioclase and the most sodic alkali feldspar. The
composition of the normative feldspar in each of the two analyzed |
samples coincides with the composition of the most potassic alkali
feldspar analyzed iﬁ that sample. The compoéitional gap occurs in the
region of maximum curvature of the trace of the ternary feldspar solvus.
Using the model developed fdr the crystallization of the porphyritic
gabbro, the compositional gap results from the inability of sodic
feldspar to equilibrate with the melt on cco}ing due to the relatively
1arg§ changes in solid composition produced by very small changes in
liquid composition.

SUMMARY
Petrologic observations pertinent to an understanding of the
genesis of alkaline pyroxenite and calcic nepheline syenite by
reaction between gabbroic magma and limestone are:
1. Cabbroic and syenitié rocks are critically undersaturated.
Both olivine and nepheline appear in their norms.

2. Clinopyroxene, biotite, ilmenite, magnetite and plagioclase
are common to each of the three gabbros. Olivine, amphibole,
alkali feldspar and nepheline occur in one or more rock

types,
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The composition of each mineral is essentially the same in 7 |
each of the three gabbros in which it occurs. In particular,
the median value of the ratio (Fe+Mn)/(Fe+Mn+Mg) is identical
in clinopyroxene from each of the three gabbros.
Clinopyroxene, biotite, magnetite and where present,
amphibole, have high concentrations of titanium and aluminum.
Cabbroic magmas probably were saturated or nearly saturated

with plagioclase and clinopyroxene at the time of emplacement.




3. GENESIS OF MAFIC ALKALINE ROCKS BY ASSIMILATION OF LIMESTONE BY
GABBROIC MAGMA

Nowhere in the Christmas Mountains do gabbro and marble occur
in direct contact. The sequence of lithologies developed across
the intrusive contact and across marble xenoliths in gabbro is
invariably gabbro, pyroxenite, calc-gsilicate skarn, marble. The
consistent spatial relationship between the four rock types
indicates that pyroxenite and calc-silicate skarn were formed by
reaction between gabbro and limestone. The contact between
pyroxenite and skarn is char;cterized by sinusoidal to lobate
embayments of pyroxenite info skarn, that are suggeétive of
extensive solution of wallrock by magma. Because mineral
agsemblages in ﬁyroxenite ana skarn are comﬁatible,‘solution _
involved limestone rather than skarn. Proof that the pyroxenite is
a magmatic rock rather than the innermost zone of calc-silicate
skarn developed in solid limestone. is demonstrated by the presence
of pyroxenite dikes that are intrusive into skarn.

Similar alkaline ultramafic rocks developed at contacts
between tholeiitic basalt and limestone at Scan Hill and Camas Mor
in the British Isles have been described by Tilley (Tilley and
Harwood, 1931; Tilley, }952). Tilley concluded that although
alkaline rocks were produced by assimilation of limestone by
subalkaline basaltic magma, the predominance of mafic and
ultramafic compositions among the contaminated rocks and their
restriction to a narrow zone along the intrusive contact provided
little support for limestone assimilation hypothesis of Daly (1910)

for the genesis of alkaline magma. There is no evidence in the
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Christmas Mountains for development of contaminated igneous rocks on
more than a local scale, however, reactions between gabbroic magma
and limestone play an essential role in the growth of the calc-silicate
gkarn both at the intrusive contact and in xenoliths.
CONTAMINATED ROCKS A
Pyroxenite

Typical pyroxenite consists of 50 to 80 volume percent titanaugite
with nepheline and alkali feldspar accounting for most of the remainder
of the mode (Table B-6, appendix). Spheﬁe and apatite, as euhedral
crystals, are ubiquitous accessory minerals. The fabric of pyroxenite
consists of individual, euhedral crystals of titanaugite and sphene,
enclosed within large single crystals of nepheline and/or alkali
feldspar. Local concentrations of titanaugite and leucocratic
patches of nepheline and alkali feldspar produce thé uneven modal
distribution of phases that is characteristic of pyroxenite (Plate 1).
Within leucocratic patchés, wollastonite occurs as elongate bladed
crystals which have a skeletal habit with rounded marg1ns. suggestive
of reaction with magma or with the enveloping nepheline (Plate 2,
Figure 1). The highly irregular modal distribution of titanaugite
in pyroxenite suggests that pyroxenite represents a crystal mesh of
euhedral titanaugite "ocemented" together by a late-solidifying
alkali-rich residual maéma of nepheline syenite composition,
Nepheline Syenite

Nepheline syenite, which occurs in dikes that intrude both
Pyroxenite and skarn, has the same mineral assemblage as pyroxenite,

with a mode like that of the leucocratic patches in pyroxenite
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Pyroxenite developed at contact between
fine-grained gabbro and xenolith of
Santa Elena(?) limestone. Sample CM-111
collected from the north margin of the
more southerly of two xenoliths shown on
map in Figure 2, Chapter 5. Re-entrant
of skarn at left of photograph is
surrcunded by successive zones of fine-
grained nepheline-plagioclase pyroxenite
and coarse-grained nepheline-alkali
feldspar leuco-pyroxenite. Field of
view is 50 x 65 mm.
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Plate 2. Products of reaction: CALCITE + PLAGIOCLASE =

NEPHELINE + WOLLASTONITE + ANORTHITE + CO

Figure 1.

Figure 2.

2.
Skeletal crystal of wollastonite
within single crystal of nepheline,
gample CM-6-3B. Field of view is
0.58 x 0.85 mm, plane light.
Compositions of coexisting phases
are:

WO WO GEN,FS,
NE AN, NE,gkh)g

Partially resorbed plagioclase
phenocryst in nepheline gabbro,
CM-33-12. Field of view is

0.58 x 0.85 mm, crossed nicols.
Compositions of coexisting phases
are:

PLAG AN, B, OR ),
NE  ANygNE,gKA, ¢
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(Tables 1 and B-6). The compositional similarity of nepheline
gyenite to the leucocratic fraction of pyroxenite and the restricted
occurrence of nepheline syenite dikes to pyroxenite and skarn
suggest that contaminated syenite represents a portion of the alkali-
rich residual magma squeezed out. of solidifying pyroxenite,

Titanian andradite and perovskite occur in a dike of
nepheline syenite intrusive into skarn (CM-240, Table 1,
Assemblage 4). Garnet is black in hand specimen and hearly
opaque in thin-section. The formula of the garnet,
(Cay,841%0.10M0.02%%0.03) (111 23%%0.020.76) (410.187%0, 54512, 28) 01,
differs frém that of titanian-zirconian garnet which coexists with
wollastonite and perovskite in calc-silicate skarn in that there is
a large excess of titanium over that needed to balance the tetrahedral
s;licon deficiency. Therefore the garnet in syenite cannot be a
xenocryst from skarn, but is magmatic in origin.
Nepheline Gabbro

The assemblage titanaugite + nepheline + sphene + alkali
feldspar + wollastonite, which charactérizes pyroxenite and
nepheline syenite, appears to represent the end product of reaction
between alkali gabbro magma and limestone. The phases olivine,
plagioclase, biotite and magnetite—ilmenite, which are characteristic
of the gabbro, seldom occur in the pyroxenite. Their absence ma& be
the result of precipitation and subsequent-reaction with either
liméstone or oontaminatea magma or their components may have been held
in solution in contaminated magma and precipitated directly as other

Phases due to the change in bulk composition of the magma or to
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TABLE 1

MINERAL ASSEMBLAGES IN SYENITE .
CHRISTMAS MOUNTAINS, BIG BEND REGION, TEXAS

P,
N
W
I N

CLINOPYROXENE
AMPHIBOLE
BIOTITE
ILMENITE
MAGNETITE
SPHENE
PEROVSKITE

- GARNET
WOLLASTONITE
PLAGIOCLASE
ALKALI FELDSPAR
NEPHELINE

HiF I+ i+ e

L o L ] L ]

x-aNHoooo

P NNNN- e o @

(] . [ ] L]

NN-..x...-

T BdSde ew
e e o o
g >4 o e o

1. Uncontaminated syenite
2. Contaminated syenite
3. Contaminated syenite

4. Contaminated syenite
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.different conditions of water or oxygen fugacity brought about by
golution of limestone. Olivine and plagioclase, minerals that begin
to crjstallize early in the crystallization sequence of uncontaminated
gabbro magma, show textural evidence for reaction to form clinopyroxene
and nepheline, fespectively, in pyroxenite and in gabbro in contact .
with pyroxenite. Biotite and magnetite-ilmenite do not occur in
plagioclase-free pyroxenite or in nepheline syenite. Because there
is no textural evidénce for reactions involving biotite or
magnetite:ilmenite in contaminated rocks, it must be concluded that
potassium and titanium combined with other components of the magma
to precipitate directly as alkali feldspar and as titanaugite and
sphene.
Bulk Composition of Contaminated Rocks

Bulk chemical compositions of contaminated iéneous rocks are
listed in Tables B-7 through B-9. Compositional trends overlap
those of uncontaminated rocks on Harker diagrams and continue trends
to lower concentrations of SiO, (Figures B-1 and B-4). Analyses of
pyroxenite and nepheline syenite do not show the trend toward iron
enrichment with increasing alkali content that is characteristic
of suites of contaminated rocks derived from the interaction of
tholeiitic magma with limestone (Tilley and Harwood, 1931; Tilley,
1952, Figure B-5). Analyses of contaminated igneous rocks, plotted
on variation diagrams, show more scatter around compositional
trends than do analyses of uncontaminated rocks on similar diagrams.
The scatter of the former about the compositional trends reflects

the extreme local variability in the modal proportions of titanaugite
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and nepheline in pyroxenite which is a result of the nearly complete
crystallization of titanaugite before the onset of crystallization of
nepheiine. Compared with gabbros from which they were derived,
pyroxenites are enriched in calcium and depleted in silicon and
aluminum. There is no consistent pattern of enrichment or depletion
of other elements in pyroxenite relative to gabbro. Metasomatic
growth of the calc-silicate skarn by reaction between gabbr;ic magma
and limestone fequires the introduction of silicon, aluminum,
titanium ‘and iron to the country rock. Because elémental abundances
in pyroxenite do not differ greatly from those in corresponding
gabbro, the voiume of pyroxenite developed at the intrusive contact
probably represents the product of reaction of a similar volume of
gabbroic magma with limestone. Pyroxenite is not the accumulated
product of limited reaction of a large volume of magma with wallrock.
TITANAUGITE

Clinopyroxene in pyroxenite and nepheline syenite is
characterized by strong optical absorption and pleochroism. The
pleochroic scheme of titanaugite from pyroxenite derived from
coarse-grained gabbro is X=deep rose, Y=yellow, Z=deep rose or gray-
green. Zoning is common and the intensity of absorption increases
from core to rim. The pleochroic scheme of clinopyroxene from
pyroxenite derived from fine-grained or porphyritic gabbro is
X=Z=green and Ysyellow. Although most grains of clinopyroxene in
pyroxenite derived from fine-grained or porphyritic gabbro are
optically homogeneous, some of the larger crystals are zoned with

a pale- to deep-rose core and a green rim. Clinopyroxene from
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nepheline syenite and nepheline gabbro derived from each of the three
gabbro types invariably show strong color zoning like that just
described. Sector zoning is not common but is well developed in
clinopyroxene from wollastonite-nepheline syenite (CM-141-4, Table 4).
Mineral formulae of clinopyroxene from pyroxenite and nepheline
syenite are listed in Tables 3 and 4. The range of compositional
variation are shown graphically on Figures 1, 2 and 3. Although the
range of concentration of iron, titanium and aluminum in titanaugite
from pyroxenite and nepheline syenite overlap those of titanaugite
from uncontaminated gabbro, the median concentrations of these
elements are significantly-higher in clinopyroxene from contaminated
rocks. Core compositions of zoned titanaugite from pyroxenite and
nepheline syenite are similar to the composition of titanaugite in
the corresponding uncontaminaéed gabbro, suggesting that
clinopyroxene in contaminated rocks began crystallization in
uncontaminated magma. Electron microprobe profiles across a zoned
titanaugite from pyroxenite derived from coarse-grained gabbro are
shown in Figure 4. The concentrations of iron and manganese
increase sympathetically at the expense of magnesium, from the
core of the crystal to its rim. The concentrations of aluminum and
titanium rise from minima in the core to maxima near the rim, then
decrease to intermediate values at the rim. Thia zoning pattern
is common to titanaugite in pyroxenite and nepheline syenite derived

from each of the three gabbro types.
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TABLE 3

ELECTRON MICROPROBE ANALYSES OF CLINOPYROXENE FROM PYROXENITE
- CHRISTMAS MOUNTAINS, BIG BEND REGION, TEXAS

FORMULA PROPORTION OF CATIONS (MEDIAN VALUES)
v Ca Na Mg Fe Mn Al Ti Si

Fg 0.90 0.08 0.47 0.48 0.01 0.24 0.06 1.76

0
Cg 0.94 0.05 0.41 0.47 0.01 0.32. 0.09 1.71 6
6
Pg 0.92 0.06 0.44 0.50 0.01 0.19 0.05 1.82 6

RANGE OF VARIATION IN CATION PROPORTIONS

Fe+Mn

(Fe+Mn+Mg) Median Al T4 Al/Ti

Cg 0. 31-0-65 0-54 0012‘0.48 0.04"0014 306
Fg 0.48-0.60 0.51 0,11-0.33 0.03-0.09 4.0
Pg 0.26-0.65 0.54 0.,07-0.34 0.03-0.10 4.0

Cg Median or range of 59 point analyses of clinopyroxene
from pyroxenite derived from coarse-grained gabbro.
Samples CM-6-3B, CM-33-6, CM-29B

Fg Median or range of 11 point analyses of clinopyroxene
from pyroxenite derived from fine-grained gabbro.
Sample CM-111B :

Pz Median or range of 57 point analyses of clinopyroxene
from pyroxenite derived from porphyritic gabbro.
Samples CM-8-1B, CM-41-2
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TABLE 4

ELECTRON MICROPROBE ANALYSES OF CLINOPYROXENE
FROM NEPHELINE SYENITE

CHRISTMAS MOUNTAINS, BIG BEND REGION, TEXAS

FORMULA PROPORTION OF CATIONS (MEDIAN VALUES)

Ca Na

29-70

Core 0.89 0.05

Rim 0.88 0.11
141-8

Core 0.90 0.04

Rim1l 0.90 0.07

Rim 2 0.86 0.11
141-4 Sector Zoned

(100) 0.94 0.04

(oo1) 0.94 0.04

Rim 0.87 0.11
340

Core 0.94 0.06

Rim 0.73 0.27
8-1A
Aegirine 0.14 0.87 .

0.48
0.90

0.92

Mn

0.0l

0.00

Al

Ti

Si

1.92°

191

1.85
1.81
1.89

1,61
1.72
1091

1.93
1.96

1.98

(2 (e e, o\ O\ ON OO o




Figure 1.
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Electron microprobe analyses of clinopyroxene from

contaminated igneous rocks plotted on the pyroxene

quadrilateral. Proportion of end-member molecules

computed by the normative scheme of Kushiro (1962)

a. 50 point analyses from nepheline syenite

b. 187 point analyses from nepheline gabbro and
pyroxenite.
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Figure 2.

84

Electron microprobe analyses of clinopyroxene from
contaminated igneous rocks. Atomic fraction
aluminum plotted against atomic fraction titanium.
Points which plot along a straight line that passes
through the origin have the same ratio of A1/7Ti.
Dotted lines represent Al/Ti of 1, 2, 3, 4 and 5.
a. 50 point analyses from nepheline syenite
b. 187 point analyses from nepheline gabbro and
pyroxenite.
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Figure 3. Electron microprobe analyses of clinopyroxene from
contaminated igneous rocks. Formula proportion of
aluminum plotted against tetrahedral silicon
deficiency, defined as 2.0 minus the formula
proportion of silicon, for a mineral formula
 pased on 4.0 cations.

a. 50 point analyses from nepheline syenite
b. 187 point analyses from nepheline gabbro and
pyroxenite
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Figure 4.

90

Concentration profiles across zoned
titanaugite from pyroxenite derived
from coarse-grained gabbro. X-value
is ratio of X-ray intensity of element
in sample to that of pure oxide
standard (Bence and Albee, 1968).
a. Simultaneous analyses of Fe, Mn
and Mg.

* b. Simultaneous analyses of Al, Ti

and Si.
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As shown on Figure 3, the formula proportion of aluminum in
clinopyroxene just balances the tetrahedral silicon deficiency, with
a small excess. The antithetic relationship between aluminum and
silicon, common in clinopyroxene from alkaline igneous rocks, has
lead to the suggestion that the primary control of the concentration
of aluminum in clinopyroxene is the activity of 3102 of the magma
(Kushiro, 1960; Le Bas, 1962; Verhoogen, 1962 and Carmichael,
Nicholls and Smith, 1970). As discussed below, selective magmatic
resorption of the albite component of plagioclase to produce a melt
gaturated in anorthite and nepheline produces a steady lowering of

the activity of SiO, in the contaminated magma. Thus, although the

2
progressive increase of the ratio (Fe+Mn)/(Fe+Mn+Mg) from the core
to the rim of individual grains of clinopyroxene records the
progressive depletion of maénesium in contaminated magma due to copious
crystallization of titanaﬁgite. variation in the ratio Al/(Al+Si)
reflects control of the activity of SiOz-in the melt by feldspar-
liquid equilibria,
LIMESTONE ASSIMILATION

A model for the evolution of pyroxenite by reaction between
gabbroic magma and limestone has been developed as a part of the
growth mo&el for the skarn described in Chapter 5. Aspects of the
model necessary for an understanding of the genesis of pyroxenite
and nepheline syenite will be developed here. Reaction between
gabbroic magma and limestone involves two processes, (1) Decarbonation

reactions between calcite and magma and/or crystals in equilibrium

with magma, and (2) Crystallization of phases with which the magma
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ig saturated, to supply energy for the endothermic decarbonation
reactions. Because the chemical potential of a component is equal
in all phases in mutual equilibrium, its value is a characteristic
of the system, not of the individual phases or their physical
gtates. Thus, to describe reaction between gabbroic magma and
limestone, reactions may be written between calcite and minerals that
may crystallize from the magma, but the actual phases participating
in the reaction may be either the magma or the solids in eguilibrium
with it.
The Plagioclase Reaction

The crystallization sequences of each of the three gabbros
jndicate that gabbroic magma was saturated with and probably was
crystallizing plagioclase and clinopyroxene at the time of emplacement.
Although clinopyroxene shows little textural evidence for reaction
with magma, plagioclase in nepheline gabbro has corroded margins and
is rimmed by nepheline (Plate 2, Figure 2). To a first approximation
the initiation of reaction between gabbroic magma and limestone may
be described by a reaction between calcite and plagioclase
2(1-X) CALCITE + ANyAB() vy =

(1-X) NEPHELINE + 2(1_-x) WOLLASTONITE + X ANORTHITE + 2(1-X) €O,
Solid plagioclase need not be directly involved in the decarbonation
reaction. Conversion of the albite component of the magma to
nepheline by reaction between magma and calcite requires resorption
of any crystalline plagioclase available, to maintain equilibrium.
Although exceedingly rare in pyroxenite, plagioclase has two modes

of occurrence with distinctive textures and compositions. The more
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widespread occurrence of plagioclase is as isolated single crystals,
with corroded margins, enveloped by large, euhedral crystals of
nepheline (Plate 2, Figure 2). This textural relationship clearly
shows that plagioclase was involved in a resorption reaction with
magma. The range of composition of plagioclase in this paragenesis
overlaps that of plagioclase from uncontaminated gabbro (Table 2).
Because the corroded grains of plagioclase are not enriched in the
anorthite component,rresorption of plagioclése by the magma involves
solution of both the albite and the anorthite components and the
"plagioclase effect" (Bowen, 1945; Watkinson andVWyllie, 1969,

D. 1570—71) does not appear to be important.

The products of the decarbonation reaction, anorthite,
wollastonite and nepheline, go into solution in the melt and in
clinopyroxene. Anorthite-rich plagioclase occurs locally in a thin,
discontinuous zone at the contact with skarn (Table 2). Individual
grains of anorthite do not show any evidence for reaction and probably
crystallized directly from contaminated magma. The rare occurrence
of anorthite in pyroxenite and the progressive enrichment in the
calcium tschermak component from the core outward in titanaugite
suggest that calcium and aluminum from resorbed plagioclase enter
intorthe pyroxene solid solution (Tilley and Harwood, 1931, p. 462).
Entry of CaA128106 into clinopyroxene is favored so long as the
activity of SiO2 is buffered by the coexistence of albite and
nepheline (Carmichael, Nicholls and Smith, 1970, p. 255). It will
be shown in the growth model for the skarn (Chapter 5) that anorthite

and the calcium tschermak component of titanaugite may react with
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calcite to form the gehlenite component of melilite in
skarn.

Because wollastonite does not occur in nepheline gabbro in
which plagioclase is partially resorbed, it is concluded that
wollastonite derived from reaction between plagioclase and calcite
enters into solid solution in titanaugite. Wollastonite appears
as a phase in pyroxenite and nepheline syenite where the concentration
of Ca0 exceeds that needed to combine with available iron and
magnesium to form clinopyroxene. Wollastonite in pyroxeﬁite occurs
as skeletal crystals, with rounded margins, suggestive of resorption
by magma. In contrast to wollastonite from skarn which is
esgentially pure CaSiOB, wollastonite from pyroxenite and nepheline
syenite contains about 2.5 mole percent FeO plus MnO (Table C-3).
Thus the wollastonite in contaminated rocks cannot represent
partially digested xenocrysts from skarn. Wollastonite that
coexists with nepheline and alkali feldspar in syenite shows no
evidence of resorption.

Nepheline appears to have been the last phase to crystallize
in pyroxenite. Large crystals of nepheline may enclose several
euhedral crystals of titanaugite and sphene and nepheline is
euhedral against partially resorbed crystals of wollastonite. The
uneven modal distribution of nepheline and titanaugite in pyroxenite
suggests that pyroxenite represents a crystal mesh of titanaugite
and sphene, "cemented" together by a late-solidifying, alkali-rich
magma of nepheline syenite composition. Dikes of nepheline

syenite that are intrusive into pyroxenite and gkarn represent




97

residual contaminated magma , that was pressed out of the pyroxene
mesh.

On the baéis of experimentally determined melting relationships
on the join albite—calcite-H,0, Watkinson and Wyllie (1969) proposed
a model for the progressive assimilation of limestone by a
water-saturated albite melt. According to the model, progressive
golution of limestone at constant temperature causes

1. Precipitation of plagioclase

2. Precipitation of wollastonite

3. Resorption of plagioclase

4. Precipitation of nepheline

5. Complete solidification

6. Subsolidus reaction between wollastonite and calcite to

yield stoichometric calc-silicate phases
The sequence of precipitation and resorption of phases in
pyroxenite due to reaction between gabbroic magma, saturated with
plagioclase, and limestone is broadly consistent with the model for
the simple system. Enrichment of plagioclase in anorthite in the
incipient stage of reaction was not well documented. In general,
the composition of partially resorbed plagioclase in nepheline
gabbro and pyroxenite iies within the range of composition of
plagioclase from uncontaminated gabbro. The:anorthite component
of resorbed plagioclase enters into solid solution in
clinopyroxene.

Wollastonite produced by reaction between plagioclase and

calcite enters into solid solution in titanaugite. When sufficient
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clinopyroxene solidified to deplete the contaminated magma of iron
and magnesium, wollastonite crystallized from the alkali-rich
residue. Further reaction with calcite caused resorption of
wollastonite from pyroxenite and growth of stoichiometric calc-
gilicate minerals in skarn.

Nepheline was the last phase to crystallize iﬁ pyroxenite.
In the experimentally investigated system, nebheline crystallized
only in runs with greater than about 20 weight percent calcite
(Watkinson and Wyllie, 1969, p. 1574). However, nepheline,
replacing plagioclase, appears in the incipient stages of reaction
between gabbroic magma and limestone. This probably is due to the
high initial anorthite content of plagioclase in uncontaminated
gabbro.
Clinopyroxene Accumulation

Textural and paragenetic relationships between plagioclase,
nepheline and wollastonite in pyroxenite can be explained in terms
of a model based on the decarbonation reaction between plagioclase
and calcite. The accumulation of titanaugité at the original
contact between gabbroic magma and limestone to form pyroxenite is
a consequence of the model. The decarbonation reaction between
calcite and plagioclase is endothermic with an enthalpy of 19.9
kilocalories per mole of calcite at 1300°K (Robie and Waldbaum,
1968). The energy required for the reaction between magma and
calcite can be supplied by crystallization of the phases with which
the magma is saturated, thus liberating the enthalpy of fusion

(Bowen, 1928, p. 175-91). Titanaugite concentrated in the
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pyroxenite was probably crystallized in response to reaction between
magma and carbonate. The enthalpy of fusion of diopside, 24.3 Kcal/
mole (Bowen, 1928, p. 178), is comparable in magnitude to the
enthalpy of the decarbonation reaction, but opposite in sign when
diopside crystallizeé from a melt. Thus for each mole of calcite
taken into solution by the magma, approximately one mole of
clinopyroxene waé crystallized to supply the ehergy necessary for
the endothermic decarbonation reaction. The amdunt of limestone
that may bg assimilated by a given volume of gabbroic magma is
limited by the concentration of potential clinopyroxene in
uncontaminated magma.
The 0livine Reaction

Olivine in pyroxenite and nepheline gabbro derived from
porphyritic gabbro is restricted in occurrence to the cores of large
grains of titanaugite where it is rimmed by vermicular magnetite
(Plate 3, Figure 1). The former presence of olivine in these rocks
is marked by vermicular magnefite in the core of zoned grains of
titanaugite (Plate 3, Figure 2). Compositions of coexisting
olivine, titéhaugite and magnetite from the assemblage of Plate 3,

Figure 1 (CM-8-1A) are

Mgy 9578 .03"0.04540.98%

Cay . 9,%%0.06180. 697%0. 24"0.01 0. 05410, 28%1. 7676

Fe, 37M5. 00M80.104%0.09%70.01™0.40% ~ "6Te0"SF 40

The composition of titanaugite in contact with olivine is the most

magnesian in the rock. Although composition of olivine in this and
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Plate 3. Products of reaction: OLIVINE + MACMA = CLINOPYROXENE

Figure 1.

Pigure 2.

+ MAGNETITE

Vermicular magnetite in clinopyroxene developed along
grain boundary of relict olivine, sample CM-8-1B. Field
of view is 1.2 x 1.6 mm, plane light. Compositions of
coexisting phases are:

OL Mgy 95F1,03MM0.04510.98%

CPX  Caj g.N2g 06M80.697%0. 240,01 10,0510, 28%11.76%

MGT Fe, ,.Mng o,M85 10810,09T0,01 10,40

Vermicular magnetite in core of zoned clinopyroxene,
sample CM-8-1B. Field of view is 1.2 x 1.6 mm, plane
light. Clinopyroxene is zoned from '

core: Cag goNag o6MEn 76720, 26"0.01™40.03*20.0751.92%
rim: Ca0.92Na0.07Mg0.39Fe0.55Mn0.01T10.04A10.16811.8506
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other analyzed samples (CM-8-9, CM-41-2) ranges from F064FA36 to
FO,FAgy the ratio (Fe+Mn)/(Fe+Mn+Mg) of coexisting titanaugite
and the composition of coexisting magnetite are essentially
identical to those listed above. The reaction of olivine to
clinopyroxene + magnetite requires an external source of titanium.
The reaction probably involves éontaminated magma and is analogous
to the olivine reéction relationship in alkali basalts experimentally
demonstrated by Schairer and Yoder (1960).
SUMMARY

Pyroxenite and calc-silicate skarn developed at the contact
between gabbro and limestone are the result of reaction between
gabbroic magma and limestone. The assemblage titanaugite +
nepheline + sphene + alkali feldspar + wollastonite is the end
product of assimilation bf limestone by alkaline gabbro magma.
The uneven modal distribution of titanaugite and nepheline in
pyroxenite suggests that pyroxenite represents a crystal mesh of
euhedral titanaugite "cemented" together by a late-solidifying,
residual magma of nepheline syenite composition. The phases olivine,
plagioclase, biotite and magnetite-ilmenite which are characteristic
of the gabbro seldom occur in pyroxenite. Olivine and plagioclase in
pyroxenite show textural evidence for reaction to form titanaugite
+ magnetite and nepheline, respectively. Potassium from biotite
and titanium from biotite and ilmenite combined with other
components of the magma to precipitate directly as alkali feldspar
and ag titanaugite and sphene. Compared with uncontaminated gabbro,

Pyroxenite is enriched in calcium and depleted in silicon and
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aluminum. There is no systematic pattern of enrichment or depletion
of other elements.

Assimilation of limestone by gabbroic magma involves two
processes, (1) decarbonation reactions between calcite and magma
and/or crystals in equilibrium with magma, and (2) crystallization
of phases with which the magma is saturated, to supply energy for
the endothermic decarbonation reactions. The essential mineralogic
and textural features of pyroxenite can be produced by reaction
between plagioclase and calcite,

2(1-Y) CALCITE + AN’XA;B(l_x)=

(1-X) NEPHELINE + 2(1-X) WOLLASTONITE + X ANORTHITE + 2(1-x)coz.
Plagioclase in pyroxenite has corroded margins and is rimmed by
nepheline, indicating resorption by the melt. Reactionnbetween
calcite and the plagioclase component of the magma caused resorption
of crystalline plagioclase. Products of the decarbonation reaction
went into solution in the contaminated magma. On crystallization,
wollastonite entered clinopyroxene solid solution or combined with
titanium to form sphene. Wollastonite occurs as a phase only in
those rocks with an excess of Ca0 over that needed to combine with
FeO and Mg0 as clinopyroxene. The anorthite component of the melt
entered the clinopyroxene as CaAlasiOG. Nepheline, the last phase
to crystallize from contaminated magma, "cemented" together the
aggregate of accumulated titanaugite.

The energy required for the endothermic decarbonatidn reactions
was supplied by the crystallization of titanaugite from contaminated

magma, liberating the enthalpy of fﬁsion. For each mole of calcite
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dissolved by the magma, approximately one mole of clinopyroxene was
crystallized. Because the energy needed for the decarbonation
reaction is provided by crystallization of the "heat equivalent"

of clinopyroxene, the amount of limestone that may be assimilated
is limited by the concentration of poténtial clinopyroxene in
uncontaminated magma. Compositiénal zoning of titanaugite records
the progressive depletion of magnesium and iron in the contaminated
magma and preserves a record of the silica activity. Nepheline; the
last phase to crystallize, '"cemented" the clinopyroxene aggregate
together.

On the basis of the spatial association of alkaline ignequs
rocks and limestone, R. A. Daly (1910) proposed the hypothesis that
alkaline magma is produced by the desilication of subalkaline magma
by the assimilation of limestone. Alkaline pyroxehite and |
nepheline syenite, developed at the intrusive contact in the
Christmas Mountains are the result of assimilation éf limestone by -
critically undersaturaﬁed éabbroic magma. However, the restricted
occurrence of contaminated rocks in a narrow zone‘along the intrusive
contact and the predominance of contaminated' rocks of mafic and
ultrmnafic composition provides little evidence for the generation

of a significant volume of desilicated magma as a result of limestone

assimilation.
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4. METASOMATIC GROWTH OF ZONED CALC-SILICATE NODULES FROM THE CONTACT AUREOLE
INTRODUCTION
Within 60 meters of the intrusive contact ﬁith the Christmas Moun-
tains gabbro, nodular chert in the Del Carmen and Santa Elena Limestones
reacted with the enveloping marble to form spheroidal nodules of high-
temperature ;alc-silicate minerals. Stoichiometric phases in the system

Cao-SiO2-CO form a series of concentric monomineralic and two-phase

2

shells which record a step-wise decrease in the concentration of SiO2
from the core of a nodule to its rim. Wollastonite forms the core of
each calc-silicate nodule and calcite marble forms the rim. In nodules
collected within 30 meters of the gabbro, the calcite and wollastonite
zones are separated by a monomineralic zone of tilleyite. Within 16
meters of the contact, the tilleyite zone is separated from wollasto-
nite by a zone consisting of tilleyite plus spurrite and/or rankinite.
The sequence of monomineralic zones and consequent discontinuous
gradient in buJ_.k composition across each of the calc-silicate nodules
are analogous to those developed by rgaction between incompatible phases
in the hypothetical example described by J. B. Thompson in his discussion
of local equilibrium in metasomatism (Thompson, 1959, p. 430-34). Zoned
calc-silicate nodules formed by reaction of chert with enclosing carbo-
nate during thermal metamorphism have been described from several locali-
ties in the British Isles (Tilley and Alderman, 1934; Tilley, 1951b; W. .
Q. Kennedy, 1959). However, none of these nodule suites record the wide
range of metamorphic temperatures while retaining the simplicity of min-

eralogy shown by the nodules from the Christmas Mountains.
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Chemographic and experimental studies of mineral equilibria in the
system CaO—8102-002 suggest that, except for special compositions that
correspond to those of the phases themselves, thermal metamorphism of
siliceous limestone should result in mineral assemblages consisting of
two solid phases (Bowen, 1940; Zharikov and Shmulovich, 1969). The fun-
damental problem posed by the calc-silicate nodules is that of why the
initial éompositional discontinuity between calcite and chert propagated
as a series of monomineralic zones rather than as sequence of two-phase
assemblages with continuous variation in modal composition.

Rocks madé up of a series of mineral zones, each consisting of a
relatively small number of phases, are commonly interpreted as being
metasomatic in origin. D. S. Korzhinskii (1949, 1959) has developed
theories to explain equilibrium among a small number of phases conéist-
ing of a large number of chemical species and to explain growtﬁ of min-
eral zones in an open system (Korzhinskii, 1970). However, Korzhinskii's
methods have met with some criticism (Weill and Fyfe, 1964, 1967;
Korzhinskii, 1966, 1967). The simplicity of the chemical system in-
volved coupled with the knowledge of the initial and present configura-
tions of mineral zones in the calc-silicate nodules suggested that a
growth model might be constructed by comparison of local one- and tﬁo-
phase assembléges from the nodules with those developed under conditions
of equilibrium in a closed system, for a sequence of states leading from
coexisting calcite + chert at low temperature to the monomineralic zones
developed under conditions of intense thermal metamorphism. The simple

example of the zoned calc-silicate nodules will perhaps provide fresh
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insight into the role of the local mineral assemblage in the control of
the chemical potentials of transported components and into the mechanisms
of growth of monomineralic zones as the result of reaction between in-

compatible phases and consequent diffusion.

GEOLOGIC SETTING

Nodules of fusty-weathering, calcareous chert are sparesely dis-
tributed throughout the Lower Cretaceous Del Carmen and Santa Elena
Limestones in the Christmas Mountains. Although nodular chert generally
is a trace constituent in the stratigraphic section, at some horizons it
makes up as much as 20 per cent of the rock. Nodules from one such
horizon, exposed at an elevation of 1370 meters along the crest of the
flat-topped ridge that forms the south wall at the mouth of Mud Springs
Draw, were sampled at closely spaced inter&als along a 120 meter tra-
verse, normal to the contact with the Christmas Mountain gabbro, which
dips 70° beneath the limestone at this locality.

Cross-cutting relations indicate that the rocks of the gabbro com-
plex are the oldest of a series of intrusive and extrusive igneous rocks
in the wesfern part of the Christmas Mountains (Bloomer, 1949; Swadley,
1958; Jenkins, 1959). According to Maxwell (Maxwell, Lonsdale, Hazzard
and Wilson, 1965, p. 300), during the early Tertiary, sedimentary and
Volcanic rocks accumulated in a basin bounded on the west by the then
uplifted Christmas Mountains. It is thus likely that the maximum
Stratigraphic thickness in the Christmas Mountains at the time of gabbro

€mplacement was that of the complete Cretaceous section.
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The sampled chert nodule bed is in the Santa Elena Limestone, about
115 meters stratigraphically above the base of the underlying Sue Peaks
formation., The total thickness of strata, from the base of the Sue
Peaks formation‘to the top of the Cretaceous section is 1345 meters
(Bloomer, 1949; Maxwell et al., 1967), thus the sampled horizon was over-
lain by, at most, 1230 meters of rock at the time of gabbro emplacement.

The lithostatic pressure at this depth was 325 bars, if an average rock

density of 2.7_gm/cm3 is assumed.
MORPHOLOGY OF NODULES

As the gabbro contact is approached along the traverse, a series of
progressive changes take place in both the shape and the mineralogy of
the chert nodules as a result of reaction between chert and limestone.

In the unmetamorphosed limestone, chert nodules range in shape from equi-
dimensional to very irregular, branching forms (Plate 1, figure 1).

When the chert recrystallized to quartz or reacted with the enclosing
limestone to formrconcentric shells of calc-silicate minerals, morpho-
logical irregularities were smoothed out. The resulting nodules are
spherical or ellipsoidal in shape (Plate 1, figures 2-4). Although con-
tacts between mineral zones within the calc-silicate nodules are gener-
ally parallel to the outer surface of the nodule, in some cases an in-
ternal contact may preserve an irregular feature which is smoothed on

the outer surface (Plate 1, figure 3). Where nodules are closely spaced,
Wo or more ellipéoidal nodules may be enclosed by a common rim (Plate

1, figure 4).




Plate 1.
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Chert and calc-silicate nodules in limestone
and marble.

Figure 1. Irregularly shaped nodules of rusty-
weathering, black, aphanitic chert
in dark-gray limestone, 122 meters
from intrusive contact with gabbro.
Penny, diameter 18 mm, gives scale.

Figure 2. Spherical and ellipsoidal nodules of
granular quartz in very fine-grained
marble, 100 meters from intrusive
contact with gabbro. Rim is idocrase
+ magnetite + quartz.

Figure 3. Ellipsoidal nodules of coarse-grained
wollastonite, rimmed by tilleyite in
coarse—grained marble, 15 meters from
intrusive contact with gabbro.
Brunton compass, 70 mm square, gives
scale.

Figure 4. Zoned calc-silicate nodule in marble,
15 meters from intrusive contact with
gabbro. Core of wollastonite is
surrounded by zone.of tilleyite +
rankinite, 4 mm in width which in turn
is surrounded by rim of tilleyite,
11-14 mm in width. Irregular shape of
the wollastonite core is probably the
result of coalescence, during growth,
of two adjacent nodules.
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MINERALOGY

Perhaps the most striking feature of the nodules as seen in the
field, is the change from homogeneous, aphanitic chert to concentrically
zoned nodules of coarse-grained calc-silicate minerals. In addition to
wollastonite, which forms tﬁe core of the nodules, and calcite, which
forms the rim, individual calc-silicate nodules may contain rankinite,
spurrite and tilleyite. The phases present in a given nodule are a
function of the distance from the intrusive contact and reflect, in a
general way, the thermal history of that point in the aureole. The calc-
silicate minerals are distributed in concentric one- and two-phase
shells, separated from one another by sharp contacts. Hence, the se-
quence of mineral assemblages across a nodule results in a radial compo-
siticnal.gradient along which the ratio of Ca0 to SiO2 increases in
steps from the core of the nodule to the rim.

Mineral assemblages in the chert and calc-silicate nodules are
listed in Table 1. The assemblages, as listed from left to right, cor-
respond to the sequence of zones from the rim of the nodule to the core.
As considered here, a mineral assemblage consists of those phases that
are observed to be in mutual contact. In fhis context, the phases on
either side of the boundary between monomineralic zones might be con-
sidered as a two-phase assemblage, but they have been listed as such in
the table only in those cases in which the two phases are intergrown.
Zone boundaries commonly are quite sharp and smoothly curving in three
dimensions (Plate 2, figures 1-3). There is a marked tendency for one-

Phase assemblages to occur, but two- and rarely, three-phase assemblages

dre found in nodules collected within 18 meters of the gabbro.
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Mineral phases in the system Ca0-SiO —002.
Compositions of calcite, tilleyite and
spurrite have been projected from 002 onto
the join CaO—SiOZ.
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TABLE 1

MINERAL ASSEMBLAGES IN CHERT AND CALC-SILICATE NODULES

SAMPLE Diigﬁf C C+T T T+S T+R T+W ReW W
CM-152 4.6 X X X X X
CM-153 5.5 X X X X
CM-154 7.9 X X X X X X X
CH-155 11,8 X X X X X
CM-156A 15.0 X X X X X X
Ci-156B 15.2 X X X X
CH-124-1 15 X X X X
CM-124-2 15 X X X X
CM-157 18.3 X X X X
CM-158 22.0 X X X
CH-159 26.2 X % X
CH-160 29.6 X X X
CM-161 32.4 X X
CH-162 35.7 X X
CK-163 38.8 X X
CH-131 59.5 X X
CM-165 83.9




116

Plate 2. Zoned calc-silicate nodule, CM-124, collected
15 meters from intrusive contact with gabbro.

Figure 1.

Figure 2.

Figure 3.

Slab cut through center of nodule,
50 mm in diameter. Core is
wollastonite. Light gray outer
rim is granoblastic tilleyite.
Black zone between wollastonite
and granoblastic tilleyite is

made up of tilleyite, each grain
of which is oriented with its
C-axis perpendicular to the contact
with wollastonite.

Thin section cut from slab facing
that photographed in Figure 1,
crossed nicols, negative print.
Core of wollastonite is enclosed
by rim of '"radial" tilleyite.
Granoblastic tilleyite is visible
at upper left and upper right
corners. Thin section is

20 x 37 mm.

Contact between zone of "radial"
tilleyite and single crystal of
wollastonite. Crossed nicols,
field is 2.3 x 3.0 mm.
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Chert nodules from unmetamorphosed limestone consist of microcrys-
talline silica and calcite. Calcite occurs in irregular patches of
granular grains and as microfossils. Although it is not uniformly dis-
tributed within a nodule, calcite generally makes up about ten per cent
of its volume. Contacts between chert and enclosing limestone are sharp.
In the interval 70 to 100 meters from the gabbro, microcrystalline silica
has been recrystallized to a xenoblastic aggregate of quartz.

Although minor amounts of magnesium, aluminum, titanium and iron
occur in the chert, more than 99 per cent of the volume of an individual
calc-silicate nodule consists of stoichiometri; phases of the system

CaO—SiO2-C0 Unmetamorphosed nodules of black, aphanitic chert have a

2
rusty, weathered rind of iron oxide. Magnetite, and rarely, perovskite
and yellow titanian andradite are accessory phases in the tilleyite zone
of calc-silicate nodules. Pseudomorphs of idocrase after euhedral meli-
lite commonly form a discontinuous rim separating calcite marble from
the wollastonite or tilleyite zone of calc-silicate nodules.

Nodules collected between 30 and 60 meters from the gabbro-marble
contact consist entirely of fine- to very éoarse-grained, prismatic wol-
lastonite. The contact between the wollastonite nodule and enclosing
calcite marble is sharp. The assemblage wollastonite-quartz has not
been found. |

Nodules collected between 18 and 30 meters from the contact have a
core of coarse, prismatic wollastonite which is separated from marble by

8 rim of granoblastic tilleyite, 0.5 to 1 centimeter in width. In most

of the nodules from this interval, tilleyite is nearly completely
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replaced by fibrous scawtite(?), but irregular relicts of fresh tilleyite
confirm its presence in this zone. Apart from this fibrous alteration

of tilleyite, calcite, tilleyite and wollastonite occur in well-defined,
monomineralic zones. There are no incompatable phases in contact across
zone boundaries. That is, calcite and wollastonite are never found in
mutual contact.

Calc-silicate nodules collected within 16 meters of the gabbro con-
tain calcite, tilleyite, rankinite, wolléstcnite and, in some cases,

" spurrite. However, the pattern of simple monomineralic zonation estab-
lished for calc-silicate nodules from the interval 16 to 70 meters from
the contact is modified by the presence of two- and three-phase assem-
blages. Calcite, tilleyite and wollastonite form monomineralic zones as
before, but spurrite and rankinite occur exclusively in two- and three-
phase assemblages with tilleyite or wollastonite. One- and two-phase
assemblages form distinct zones in the calc-silicate nodules but three-
phase assemblages usually consist of isolated grains of the third phase
within a two-phase zone. For example, the observed three-phase assem-
blages, tilleyite-spurrite-rankinite and tilleyite-rankinite-wollastonite
consist of single grains of spurrite or wollastonite in zones consisting
mainly of tilleyite and rankinite.

The most commonly occurring two-phase assemblages consist of tilley-
ite and either calcite, spurrite, rankinite or wollastonite. The assem-
blage tilleyite-wollastonite occurs in nearly every nodule_sampled with-
in 16 meters of the gabbro. If it is assumed that each of the solid

Phases coexists with CO,, then tilleyite and wollastonite should be
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jncompatible in a zoned nodule containing rankinite and/or spurrite.
rTilleyite occurs in three distinct textural habits, two of which are
present in every nodule that has a zone with thg assemblage tilleyite-
wollastonite. Where it occurs in a monomineraiic zone or in a two-phase
assemblage with either calcite or spurrite, tilleyite forms a grano-
blastic aggregate of equidimensional grains, Tilleyite is free of in-
clusions and the second phase, where present, is interstitial to it. In
the interval 11 to 16 meters from the gaﬁbro, nodule cores of monomin-
eralic wollastonite are separated from granoblastic tilleyite by a zone
of prismatic crystals of tilleyite, the long axes (C-axes) of which are
oriented perpendicular to the surface of contact between the concentric
shells (Plate 2, figures 2 and 3). The inner part of the zone of "radial"
tilleyite consists of two- and rarely, three-phase assemblages involving
rankinite and/or wollastonite. The outer part.of the zone is monomin-
eralic, Within 11 meters of the gabbro, tilleyite in the cores of nodules
forms irregular, spongy crystals with numerous poikiloblastic inclusions
of either rankinite or wollastonite. The ratio of inclusion to host is
more or less constant across the two phase zone, the bulk composition of
which approximates that of rankinite + carbon dioxide. The occurrence

of tilleyite in two distinct textural habits within a single nodule sug-
gests that it may have grown under different environmental conditions by
different mineral reactions. Granoblastic tilleyite probably represents
growth under prograde conditions whereas the "radial" and "spongy" habits
result from reaction of spurrite.and/or rankinite with varying amounts

of €0, on cooling.
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Nodules collected within 16 meters of the intrusive contact differ
from the other calc-silicate nodules in two important respects. The
first is the abrupt appearance, in a single nodule, of two new phases,
spurrite and rankinite, as contrasted with the appearance of a single
new phase in each of the other calc-silicate zones. Second, the restric-
tion of spurrite and rankinite to two- and three-phase assemblages is a
significant departure from the pattern of monomineralic assemblages char-
acteristic of calc-silicate nodules from the outer part of the aureole.

No calc-silicate nodules were sampled nearer the intrusive contact
than 4.6 meters. However, the sequence of carbonate and calc-silicate
minerals which coexist with melilite, titanian andradite, perovskite and
magnetite across the one meter wide skarn formed at the contact between
marble and gabbro is calcite, spurrite, rankinite and wollastonite. Al-
though the bulk chemistry of the skarn is quite removed from the system
CaO-SiOQ—CO2, the presence of a single phase from the simple system in
each of the skarn mineral zones is suggestive of the pattern of monomin-
eralic zonation that might be found in a calc-silicate nodule formed at
that location in the aureole.

Neglecting, for the mément, the two- and three-phase assemblages,
the sequence of sets of phases in nodules and skarn, listed in the order
encountered as the intrusive confact is approached is:

CALCITE-QUARTZ

CALCITE-WOLLASTONITE
CALCITE-TILLEYITE-WOLLASTONITE -
CALCITE—TILLEYITEt?PURRITE—RANKINITE-NOLLASTONITE

CALCITE-SPURRITE-RANKINITE-WOLLASTONITE
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Each set of phases differs from its neighbor by the appearance or
disappearance of a single phase. The exception to this is the sequence
of assemblages found in nodules collected within 18 meters of the gab-
bro, in which spurrite and rankinite make their first appearance to-
gether. The question naturally arises as to whether spurrite and ranki-
nite resulted from a single reaction or from two separate reactions. If
the latter were the case, the order in which they formed with increasing
temperature may yield information which would plaée limits on the pressure
" and fluid phase composition during metamorphism.

The first step in the development of a growth model for the zoned
calc-silicate nodules is the determination of whether the two-phase assem-
blages at the boundaries between monominefalic zones are compatible with
equilibrium. It is thus necessary to examine the chemographic relation-
ships among phases in the system CaO—SiOz-CO2 and to construct a petro-
genetic grid relating the sequence of possible mineral reactions to vari-
ations in the intensive environmental variables of temperature, pressure

and fluid phase composition.
PETROGENETIC GRID

From consideration of natural parageneses and chemographic relation-
ships in the system CaO-MgO—SiOz—CO2, N. L. Bowen de@uced a sequence of
reactions or steps which take place betweenlthe minerals of siliceous
limestone or dolomite with increasing temperature (Bowen, 1940). The
Network on a pressure-temperature diagram resulting from the intersection
of these decarbonation and solid-solid reactions forms a "petrogenetic

grid" which, when experimentally calibrated, allows the estimation of
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the pressure and temperature conditions of metamorphism from mineral
assemblages of metamorphosed siliceous carbonate rocks. A calibrated
petrogenetic grid has been constructed for the system CaO-Si02-002 based
on the experimental data of Harker and Tuttle (1956) and Zharikov and
shmulovich (1969).

The chemical compositions of the six phases, calcite, tilleyite,
spurrite, larnite, rankinite and wollastonite can be completely described

in terms of their component oxides, Ca0, Si0O, and 002. Graphical repre-

2

sentation of the compositions of minerals in the system CaO-SiOz--CO2 is
shown in Figure 1. However, by restricting consideration to only those
assemblages that equilibrated with a fluid phase containing carbon di-
oxide, the chemical potential or mole fraétion of CO2 in the fluid may
be treated as an independent environmental variable and the number of
components reduced to two (Thompson, 1957, p. 8u44-45)., Using the combi-
natorial rules of Korzhinskii (1959, p. 128), a pressure-temperature
diagram for a two component system with six phases will consist of 15
invariant points joined together by 20 univariant lines. Construction
of such a diagram requires knowledge of 14 geometrically independent
parameters suéh as the P-T coordinates of invariant points and the slopes
of wnivariant lines.

The 20 univariant reactions are specified by the stoichiometry of
the phases and may be determined by listing all possible combinations of
the six phases, taken three at a time. In treating the system in terms

of two components, tilleyite and spurrite become compositionally indis-

tinguishable or degenerate (Zen, 1966, p. 30), so that the four reactions
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involving only these two phases coincide stable to metastable. The re-
sult is that there are only 17 distinct, but not independent, mineral
reactions. These reactions, labeled by placing the abbreviations for
the phases which do not participate in the reaction in parentheses, are
listed in Table 2.

Zharikov and Shmulovich (1969) experimentally determined the P-T
coordinafes of four algebraically independent wnivariant reactions in
this system. Knowledge of the slopes of these reactions as well as their
position on the P-T plane is sufficient to allow computation of the slopes
of the 13 remaining wnivariant reactions and location of the 15 invariant
points.

R. I. Harker and 0. F. Tuttle experimentally determined the pres-

sure-temperature coordinates of the reaction:

CALCITE + QUARTZ = WOLLASTONITE + CO (T,S,L,R)

2
(Harker and Tuttle, 1956) and of the three univariant reactions involv-
ing the phases, calcite, tilleyite, spurrite, wollastonite and carbon

dioxide:

3 CALCITE + 2 WOLLASTONITE

n

TILLEYITE + CO, (s,L,R)

3 CALCITE + 2 WOLLASTONITE = SPURRITE + 2 CO (T,L,R)

2

SPURRITE + CO (¢c,L,R,W)

TILLEYITE 2

(Tuttle and Harker, 1957, Harker, 1959). Although Harker was able to
reverse both reactions involving tilleyite, he was unable to do so with-
Out the introduction of :‘\1203 and Caf‘2 into the system.

Zharikov and Shmulovich (1969) redetermined the pressure-temperature

Curves for reactions (S,L,R) and (C,L,R,W) without recourse to the use
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of flux. Their results, which at a given pressure, lie 10° to 40°C above
those of Harker, have been used in the computations that follow in order
that an internmally consistent set of data may be used in construction of
the petrogenetic grid.

Zharikov and Shmulovich (1969) also determined the pressure-tempera-
ture coordinates for the following reactions for the breakdown of ranki-
nite and larnite in the presence of carbon dioxide:

SPURRITE + 4 WOLLASTONITE = 3 RANKINITE + CO2 (C,T L)
SPURRITE + RANKINITE = 4 LARNITE + co, (c,T,W)

A petrogenetic grid for the system Ca0-Si0 --CO2 was constructed by

2
plotting the univariant curves determined by Zharikov and Shmulovich
(1969) on a pressure-temperature diagram and applying Schreinemaker's
rules (Zen, 1966) to generate additional reactions to complete the bundles
at points of intersection. Because the location of invariant points is
very sensitive to the slopes of the reactions involved, the pressure-tem-
perature coordinates of the univariant curves used in construction of

the petrogenetic grid were determined by fitting a line to each set of
experimentally bracketed reversals on a plot of the natural log of the
equilibrium constant (K), corrected to constant pressure, as a function

of the reciprocal of absolute temperature (1/T) (Orville and Greenwood,
1965; Anderson, 1970). As pointed out by Anderson (1970), the treatment
of experimental data by this method has two distinct advantages over the
fitting of a curve to the bracketed reversals on a pressure-temperature

Plot. First, the curve can be accurately extrapolated beyond the range

of conditions of the experiment because a univariant curve is linear on
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a plot of In K versus (1/T). Second, such a curve is capable of yield-
ing a self-consistent set of thermochemical data needed for computation
of slopes of those reactions which complete the petrogenetic grid.

The slope of a univariant curve on the ln K - (1/T) diagram is equal
to the negative of the standard enthalpy of reaction (AHOR) » divided by
the gas constant. The numerical value of the equilibrium constant, K,
and hence, the value of AH;, depends on the choice of standard states
for the species involved in the reaction. Anticipating the need for the
enthalpy of reaction (AHR) for computation of isobaric temperature-fluid
composition sections through the pressure-temperature diagram, standard
states were chosen which approximate the conditions of the equilibrium
states. The standard states which satisfy this criterion consist of pure
crystalline solids and pure fluid carbon dioxicie at the temperature of
equilibrium and a uniform pressure, taken in this case to be 500 bars.
For this choice of standard states, the activities of all components of
the solids are unity, so that the equilibrium constant reduces to the
fugacity of 002 which would maintain the equilibrium at the temperature
of the experiment and a pressure of 500 bars. The standard reaction
enthalpies, corrected to a pressure of 1 atmosphere, computed from the
experimental data of Harker and Tuttle (1956) and Zharikov and Shmulovich
(1969) are listed in Table 2.

Pressure-temperature coordinates of reactions (S,L,R), (C,L,R,W),
(C,T-,L). and (C,T,W) as well as that involving calcite, quartz and wol-
lastonite, were derived from 1n K - (1/T) ploté by expressing the equi-

librium constant in terms of the fugacity of carbon dioxide which was
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TABLE 2
MINERAL REACTIONS IN THE SYSTEM Ca0-5i0,-CO,
LABEL REACTION AH; atm
KCAL/MOL

(c,T,S) RANKINITE = LARNITE + WOLLASTONITE 4.3
{c,TsL) SPURRITE + 4 WOLLASTONITE = 3 RANKINITE + CO, 31.7
(¢,T,R)% SPURRITE + WOLLASTONITE = 3 LARNITE + CO, bl 4
(c,T,W) SPURRITE + RANKINITE = 4 LARNITE + CO, | 48,7
(¢,S,L) TILLEYITE + 4 WOLLASTONITE = 3 RANKINITE + 2CO, 56.3
(C,S,R) TILLEYITE + WOLLASTONITE = 3 LARNITE + 2 CO, 69.0
(C,S,%) TILLEYITE + RANKINITE = 4 LARNITE + 2 CO, 73.3
(C,L,R,W) TILLEYITE = SPURRITE + CO, 24.6
(T,S,L)* CALCITE + 2 WOLLASTONITE = RANKINITE + CO, 27.3
(T,S,R) CALCITE + WOLLASTONITE = LARNITE + CO, 41,5
(T,S,W)* CALCITE + RANKINITE = 2 LARNITE + CO, 35.8
(T,L,R) 3 CALCITE + 2 WOLLASTONITE = SPURRITE + 2 CO, 50.2
(T,L,W)* 2 CALCITE + RANKINITE = SPURRITE + CO, 22.9
(T,R,W) SPURRITE = CALCITE + 2 LARNITE 12.9
(s,L,R) 3 CALCITE + 2 WOLLASTONITE = TILLEYITE + CO, 25.6
(S,L,W)* TILLEYITE = 2 CALCITE + RANKINITE 1.7
(S,R,W) TILLEYITE = CALCITE + 2 LARNITE + CO, 37.7
(T,s,L,R) CALCITE + QUARTZ = WOLLASTONITE + CO, 24.5

* Reaction is metastable at all pressures and temperatures.

Enthalpies of reactions (T,S,L,R), (S,L,R), (C,L,R,W), (C,T,L) and (C,T,W)
were derived from slope on ln K - (1/T) plot of experimentally bracketed
reversals using standard states consisting of pure crystalline solids and
pure fluid CO, at the temperature of the experiment and a pressure of 500
atm. Enthalpies of all other reactions result from linear combinations of
the enthalpies of the experimentally determined reactionms.

have been corrected to a pressure of 1 atmosphere.

All enthalpies
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then converted to pressure using the fugacity data of Majumdar and Roy
(1956). Thirteen additional reactions are required to complete the
pundles at the invariant points formed by the intersection of the ex-
perimentally determined curves. The ln K - (1/T) coordinates of these
reactions were computed from their standard reaction enthalpies as de-
rived from linear combinations of the standard enthalpies of the ex-
perimentally determined reactions, with the constraint that they origi-
nate at an invariant point and lie between the appropriate stable and
metastable extensions of adjacent reactioﬁs. The latter condition posed
a real test of the self-consistency of the thermochemical data which was
passed in all cases. The standard reaction enthalpies, corrected to a
pressure of one atmosphere, are listed in Table 2.

The pressure-temperature grid consists of 15 invariant points, of
which 6 are stable, joined by 20 univariant curves, only 12 of which
represent both stable and distinct reactions. The topological relation-
ships between Astable invariant points, univariant curves and chemographi-
cally compatible mineral assemblages or facies types (A.‘Lbee, 1965, p.
514) are shown schematically on Figure 2 and are plotted to scale with
respect to pressure and temperature on Figure 3. |

The intersecting wnivariant reactions partition off the pressure-
temperature plane on a fine scale so that the P-T gradients in contact
metamorphism may be closely defined on the basis of the sequence of
facies types encountered on traversing a contact aureole. Due to the
existence of several stable invariant points within a geologically

Treasonable range of P and T, the sequence of decarbonation reactions
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Figure 2. Schematic pressure-temperature diagram for system
Ca0—8102-00 . Univariant reactions are labeled
by a list og phases which do not take part in the
reaction, enclosed in parentheses ( ). Invariant
points are labeled by a list of the phases which
are not involved, enclosed in square brackets [ ].
Abbreviations for minerals are as listed in
Figure 1.
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Calibrated pressure-temperature diagram for system

CaO—SiOz—CO2 for XCO in fluid phase equal to one.

Pressure-temperature coordinates for univariant
curves and invariant points computed from
experimentally bracketed reversals for reactions
(s,L,r), (c,m,L), (c,7,%) and (C,L,R,W) determined
by Zharikov and Shmulovich (1969) and for reaction
(T,5,L,R) determined by Harker and Tuttle (1956).
Abbreviations as on Figure 1.
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in the progressive metamorphism of a siliceous limestone proposed by
powen (1940) and modified by Tilley (1951), represents but ocne of

several possible P-T gradients or facies series.
CONDITIONS OF METAMORPHISM

The calc-silicate nodules are ideally suited for the definition of.
the thermal gradient resulting from the emplacement of the Christmas
Mountains gabbro complex because they occur within a limited strati-
graphic interval, exposed across the full width of the contact aureole
and because the range of bulk compositions represented by the set of
mineral zones in each nodule completely defines a facies type in the
simple system, at least in the ideal case. The very narrow temperature
range over which some of the critical facies types are stable poses the
practical problem of demonstrating their formation in that they may be
readily overstepped and easily retrograded. |

The P-T gradient across the aureole may be estimated to within .
narrow limits on the basis of the observed sequence of facies types. In
addition, an independent estimate of the lithostatic pressure allows an
estimate of the maximum temperature represented by each facies type, and.
hence, reconstruction of the thermal gradient across the aureole. A
statigraphic reconstruction based on the argument that the maximum thick-
ness of strata overlyiné the calc-silicate nodule horizon at the time of
gabbro emplacement. was that of the Cretaceous units, 1230 meters, results.
in a maximum lithostatic pressure of about 325 bars.

The P-T gradient based on the sequence of facies types in the aureole

1s consistent with this estimate, but the evidence is not entirely




Lk
s
I

unequivocal. The coexistence of calcite with spurrite, spurrite with
pankinite and rankinite with wollastonite in the skarn at the gabbro
contact limits the maximum lithostatic pressure to that of the [C,W]
jnvariant point, 500 bars. The difficulty in assigning a lower limit
to pressure lies in the interpretation of the two- and three-phase assem-
blages of the nodules collected within 16 meters of the gabbro contact.
The problem involves the identification of the facies type that is tran-
sitional between the contact skarn in which spurrite and rankinite co-
exist and calc-silicate nodules with ccexisting tilleyite and wollasto-
nite. The transition may be made via either of two facies types, de-
pending on whether the lithostatic pressure was greater than or less
than that of the [C,L] invariant point. If the pressure was less than
about 150 bars, the assemblage spurrite + wollastonite should occur and
spurrite should make its first appearance in a nodule farther from the
gabbro contact than that in which rankinite first occurs. Conversely,
if the pressure exceeded 150 bars, the assemblage tilleyite + rankinite
should be found to the exclusion of spurrite + wollastonite, and ranki-
nite should appear before spurrite on a traverse acrecss the aureole,
toward the gabbro. However, rather than appearing sequentially, both
spurrite and rankinite make their first appearance in a single nodule,
15 meters from the gabbro contact. This complication might have been
anticipated in that the temperature intervals over which the facies
types defined by the assemblages spurrite + wollastonite and by tille-
Yite + pankinite are at most 10°C in width. Although relationships are

Partially chscurred by tilleyite of probable retrograde origin, the




136

common occurrence of the assemblages tilleyite + rankinite and tilleyite
+ spurrite and the fact that the assemblage spurrite + wollastonitg was
not found, suggest that metamorphism took place at pressure greater than
that of the [C,L] invariant point. Thus, metamorphism took place at a
lithostatic pressure of 150 to 500 bars, a range consistent with the
stratigraphic estimate of 325 ba;s.

The absence of the assemblages spurrite + larnite and larnite +
rankinite in the skarn indicates that the temperature of reaction (C,T,W)
was not exceeded. At a lithostatic pressure of 325 bars, the maximum

temperature at the contact was between 995 and 1025°C, if pure CO, was

2
present. A thermal gradient, recording maximum temperature attained

from point to point across the aurecle may be constructed by plotting

the temperature at 325 bars, for each univariant reaction bracketed by
the sequences of faciés types as a functionrof ité location in the con-
tact aureole (Figure 4). The temperatures on which the gradient is based
are those at which the reactions would take place in the presence of a
fluid phase consisting of pure CO2. If the fluid phase was not pure, or
if none was present, the temperatures would be lower.

Howevep, the assumption that metamorphism of the chert nodules in-
vo;ved a relatively pure co, fluid is not unreasonable. Carbon dioxide
Wwas generated in each of the prograde mineral reactions at the zone
boundaries., Diffusing radially‘outward under an internally generated

Pressure gradient, CO, would readily mix with or displace any water in

2

the neighborhood of a reacting nodule. The extent of a decarbonation

Teaction necessary to produce sufficient CO2 to saturate the local
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Gradient of maximum temperatures attained in the
contact aureole as determined by position of
reactions divariant in P—T-xco . Horizontal bar
2
is uncertainty in location of reaction due to
spacing of samples. Temperature at contact was
greater than that of reaction II but less than
that of I.
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environment of a nodule is small. For example, reaction of 1 mole of
calcite with 1 mole of quartz to form 1 mole of wollastonite plus 1 mole
of CO, yields 225 cm3 of co, at 600°C and 325 bars. For a spherical chert
nodule with an initial radius of 3 cm, 1 mole of wollastonite would form

a concentric shell, separating calcite from quartz, 0.4 cm thick. The
answer to the question of whether or not the fluid phase in the local
environment of a reacting nodule was pure carbon dioxide depends on the

relative rates at which CO, is generated by mineral reactions and either

2
transported away from the reaction site or diluted by H20.

However, because the lithostatic pressure may be estimated indepen-
dently of the mineralogy of the calc-silicate nodules, the sequence of
facies types developed across the aureole provides a test of the fluid
phase composition. Figure 5 is an isobaric temperature-fluid phase com-
position section through the petrogenetic grid in the vicinity of the
[C,L] invariant point. Univariant curves on the T-X., diagram represent

2

the projection of divariant reaction surfaces from P—T—XCO space onto
2

the T-Xco plane. The T-XCO coordinates of the reactions were computed
2 2

from the reaction enthalpies derived from the phase equilibrium data of
Zharikov and Shmulovich (1969) using the integrated form of equation 9
of Greenwood (1967, p. 546).

If coexisting tilleyite and rankinite in nodules collected within
15 meters of the gabbro represent stable equilibration within the field
bounded by reactions (C,S,L) and (C,L,R,W), then the projected position
of the [C,L] invariant point limits possible fluid phase compositions to

those in which the mole fraction of CO, is greater than 0.6. A lower
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Figure 5. Isobaric temperature-fluid composition diagram
for system CaO-SiOa-CO2 at pressure of 300

bars. Abbreviations as in Figure 1.
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1imit to the thermal gradient across the aureole, constructed using the

temperatures of the reactions for XCO = 0.6, is shown as a dashed line
2

on Figure 4. In the case of the maximum possible dilution of carbon

dioxide-rich fluid phase, reaction temperatures are depressed 40 to 60°C

below those involving pure C02.
THERMAL HISTORY

The present gabbro outcrop is shaped like a letter "J'", but doming
of the limestone along the contact suggests that the older olivine-tita-
naugite gabbro was emplaced as a cylindrical body, about 1400 meters
across. Biotite-titanaugite gabbro, in contact with nodule-bearing lime-
stone on one side and olivine-titanaugite gabbro on the other, was intruded
as an arcuate mass, 150 to 250 meters in width, along the original gabbro-
limestone contact. Although matching of the inferred thermal gradient
across the aureole by a mathematical model is made very difficult by the
two-stage emplacement history of the gabbroic rocks, the general features
of the gradient can be understood by means of a simple model based on a
plane-sheet geometry. The restriction of fluid phase compositions to those
rich in CO, rules out the possibility that heat was convectively transferred
by a water-rich magmatic fluid, expanding outward into the aurecle. Thus,
it is realistic to treat the heat flow problem as one in which conduction
is the dominant transport mechanism.

The model used in the thermal calculations is based on Neumann's so-
lution to the Fourlier conduction equation for the case involving dissimilar
Physical properties of solidified magma and'country rock. The details of

the solution and some representitative applications are given by Carslaw
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and Jaeger (1959, p. 288-289) and by Jaegerl(lgsg? p. 45-46; 1964, p.
452-453). Numerical values‘of the physical parameters and the notation
used in the calculations are listed in Table 3, along with the pertinent
equations.

As a first approximation, the composite intrusion may be treated
as an infinite plane sheet, 1625 meters thick. At the time of complete
solidification, about 20,000 years after intrusion, the gradient across
the aureole is approximately linear, ranging from 750°C at the contact
to 690°C, 80 meters out in the marble. Comparison of the calculated
gradient'with that inferred from the mineralogy of the calc-silicate
nodules shows that the computed gradient is not as steep as that observed,
particularly in the outer part of the aureole, and that the temperatures
near the contaét are about 200°C lower than required by the mineralogy
while those in the outer part of the aureole are about 100°C too high.

A model which takes into account the geologic history of the gabbro
complex, while retaining the simple plane sheet geometry, can be con-
structed by considering a sheet of magma, 1400 meters thick, intruded
into limestone, followed by the emplacement of a 225 meter thick magma
sheet along the original limestone contact on one side of the first sheet,
after the first sheet has partially solidified. Partial solidification
of the first sheet prior to intrusion of the second, would impdse a steep
thermal gradient across the aureole. If solidification proceeded 300
meters inward from the contact by the time the second sheet was intruded,
the initial temperature at the plane of contact between the second sheet

and the limestone would be about 325°C. Intrusion of the second sheet
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TABLE 3
PHYSICAL PARAMETERS AND EQUATIONS FOR HEAT -

CONDUCTION CALCULATIONS

GABBRO(i) LIMESTONE(c)
Density (p) gm/cm3 | 2.94 2.66
Heat Capacity (c) cal/gm-°C 0.29 0.30
Thermal Conductivity (K) cal/cm-sec-°C 0.0049 0.0042
Diffusivity (k) cm2/sec 0.0057 0.0053
Enthalpy of Fusion (L) cal/gm 93
Melting Temperature (Tm) °C 1200

Temperature at time, t at distance, x from contact of intrusion of

width, 2a:
T = To(l + erf 2—2X )
2vk t
c
Where the contact temperature To is:
o(Tm - T,)
Po B me——s
(0 + exf ) -

Ti is the initial temperature,

K. vk |
i e

K vk.
c i

g =

and X is the root of:
ci(Tm - Ti)

Lm

A912(u + erf)) =
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would immediately raise the temperature at the limestone contact to
g70°C. The temperature gradient across the aureole is the result of

the superposition of the thermal contributions from (1) the intrusion

and partial solidification of the first magma sheet, prior to emplacement
of the second sheet, (2) emplacement, solidification and cooling of the
second sheet and (3) solidification and cooling of the remaining mass of
the first sheet, after emplacement of the second.

Although an analytical solution to this problem is difficult to ob-
tain, the model qualitatively explains the observed thermal gradien_t.
The contact temperature is raised to a value near that required by the
mineralogy of the skarn due to the high initial temperature at the con-
tact. The gradient across the aureole is steepened due to the superpo-
sition of the thermal contribution of the second gabbro onto the steep

gradient produced by partial solidification of the first gabbro.
GROWTH MODEL

The monomineralic zones in the calc-silicate nodules form a set of
concentric shells, separated by shérp contacts, which preserve a discon-
tinuous, step-function gradient in bulk composition fromrthat of wollas-
tonite in the core, to that of calcite in the rim. The resulting se-
quence of mineral zones is exactly like that develoéed between quartz
and periclase in the hypothetical example described by J. B. Thompson
(1359, p. 430-35) in his discussion of the principle of local equilib-
rium. The sequence of mineral zones, from the core of a nodule to its
rim, along with the resulting gradient in composition are shown schemati-

Cally in Figure 6 for each facies type represented by the calc-silicate




Figure 6.
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Composition distance profiles across monomineralic
zones for nodules of each facies type developed in
contact aureole. Arrows point in direction of
movement of boundary of each growing zone within
the range of P, T and XCO in which that facies

type is stable. Dashed line marks initial
position of calcite-quartz interface.
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nodules. Although the end result of the hypothetical and natural ex-
amples are analogous, their initial configurations were distinctly dif-
ferent. Thompson demonstrated that monomineralic zones, separated by
sharp contacts, develop by reaction between incompatible phases, infi-
nitesimally separated along a continuous gradient in composition pro-
duced by mechanical mixing of stoichiometric phases from a binary join.
The initial compositional gradient in the calc-silicate nodules was dis-
continuous, resulting from the juxtaposition of chert against calcite.
However, the sequence of mineral zones and their growth history can be
understood in the context of a local equilibrium model.

Although the boundaries between monomiheralié zones represent dis-
continuities in the gradient of bulk composition, comparison of nodule
parageneses of Table 1 with the P-T diagram of Figure 3 and the T—XCOQ

diagram of Figure 5 shows that the minerals in contact across zone bound-

aries are mutually compatible within a pafticular volume of P-T-XCO
2

space. The minerals on either side of a monomineralic zone are incom-
patible within this same volume. Herein lie the answers to the questions
of why the zones are monomineralic and why each zone has a bulkrcomposi-
tion that corresponds to that of a stoichiometric phase in the system
CaO-SiOQ-CO:Z. |
As shown on Figure 3, the mineral pairs, calcite + quartz, calcite
* wollastonite and tilleyife + wollastonite, each become incompatible at
Successively higher temperature, and react to form the solid phases wol-

lastonite, tilleyite and rankinite, respectively, by reactions g -

(S,L,R) and (¢,5,L). Each reaction involves the combination of two solid
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phases to form a single solid phase plus fluid C02. Hence, the growth
of a monomineralic zone is initiated by reaction between two incompat-
iple phases to produce a single phase, compatible with both. However,
once the.incompatible phases are separated by an infinitesimally thin
layer of the stable product, reaction should cease and growth of the
layer stop becguse equilibrium has been established at the boundaries

on either side of the new monomineralic zone. At the contact between
two monomineralic zones, the chemical potential (ui) of each of the ex-
changeable chemical species must be equal in both of the phases if the
two phase assemblage is to represent equilibrium at a fixed pressure and
temperature (Reiss, 1965, p. 108-113; Denbigh, 1966, p. 86). Within a
menomineralic zone, however, there must be gradients in the chemical
potentials of the exchangeable species from the values fixed or buffered
by the two-phase assemblage at one contact to those buffered by .the two-
phase assemblage at the other. Were the chemical potentials to remain
constant across a one-phase zone, the necessary conditions for equilib-
rium would be met by the two incompatible phases on either side of the
zone, and the three solid phases would coexist in equilibrium. This
clearly is not the case.

Although zone boundaries mark discontinuities in the gradients of
bulk composition, the equality of the chemical potentials across the
contacts show that the gradients of the chemical potentials are continu-
ous. This continuity is a necessary condition both for the treatment of

thertWQ-phase assemblages as local systems in equilibrium (Thompson,
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1959, p. 430) and for identification of diffusion as the mechanism of
mass transport (Korzhinskii, 1970, p. ll4; Hoffman, 1972, p. 82).
Knowledge of the initial and present distribution of mineral zones
in the chert and calc-silicate nodules makes it clear that calcium;
silicon and CO2 have been redistributed during metamorphism. Radial
symmetry of the distribution of mineral asseﬁblages in the nodules, com-
patibility of minerals in adjacent zones and the aforementioned conti-
nuity of the chemical potentials across zone boundaries suggest that the

redistribution was accomplished by diffusion rather than by infiltration

(Korzhinskii, 1970, p. 1ll4; Hoffman, 1972, p. 82). The gradients in the

chemical potentials across monomineralic zones are the driving force for
the diffusion and elemental redistribution.

Because incompatible phases are separated by a thin zone of the
stable product phase, reactions which result in the growth of a monomin-
eralic zone are not the same as that which caused its formation. Growth

of a one-phase zone takes place by reaction between transported species

of calcium, silicon and 002 and the mineral of the adjacent zone. Hence,

_the monomineralic zone may grow by different reactions on each of its
boundaries. For example, a zone of tilleyite, enclosed by calcite and
wollastonite may grow by the reactions

5 CALCITE + 2 SiOz = TILLEYITE + 3 CO2

5 WOLLASTONITE + 2 CO2 = TILLEYITE + 3 SiO2

2 WOLLASTONITE + 3 Ca0 + 2 Co, = TILLEYITE. »

lote, however, that growth may occur at only one boundary if the phase

in an adjacent zone is also growing. For example, in a nodule in which
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tilleyite and rankinite are stable, the tilleyite zone will grow at the
expense of calcite by the first reaction above, while the rankinite zone
will grow at the expense of both tilleyite and wollastonite by the re-

actions

3 TILLEYITE + 4 SiO2 = 5 RANKINITE + 6 CO2

TILLEYITE = RANKINITE + 2 Ca0 + 2 CO2

2
2 WOLLASTONITE + CaO = RANKINITE.

3 WOLLASTONITE = RANKINITE + SiO

Because the transported reactants must diffuse through the growing
zone to reach the reaction site, the rate limiting step in the growth of
a monomineralic zone is the rate of diffusion through the zone itself.
Since the values of the chemical potentials are buffered by the two-phase
assemblages at the zone boundaries, their gradients are flattened only
by the widening of the one-phase zone. Hence, the tendency toward dif-
fusion is diminished with growth of the monomineralic zone.

Figure 6 is a series of idealized composition-distance profiles
across chert and calc-silicate nodules for each of the facies-types found
in the contact aureole. The steps in the growth of a nodule can be
traced by following through the diagrams for each of the facies types de-
veloped with rising temperature up to and including that represented by
the present nodule assemblage.

Figure 6A shows the initial compositional discontinuity between
quartz and calcite. If a chert nodule is heated to a temperature within
the range bounded by reactions (T,S,L,R) and (S,L,R), a thin zone of wol-

lastonite will form at the quartz-calcite interface and grow at the



expense of both quartz and calcite (Figure 6B). The nodule will con-
tinue to grow until the quartz in the core is used up. On the basis of
its smaller ionic radius and smaller coordination polyhedron with oxy-
gen, one might expect the diffusing silicon species to be transported
more rapidly than that of calcium, thus causing the wollastonite zone to
grow more rapidly at the calcite boundary than at the quartz boundary.
However, the identity of the diffusing species is unknown. éxcept
where nodules are closely spaced in limestone, there is an effectively
infinite reservoir of calcite available for reaction. Hence, net growth
of the nodule should occur regardless of the relative diffusion rates.

Figure 6C shows the compositional gradient across a nodule that has
been heated to a temperature within the field bounded by the reactions
(s,L,R) and (C,S,L). At temperatures within‘this range, the tilleyite
zone grows at the expense of both calcite and wollastonite, while the
wollastonite zone grows only at the contact with quartz. When the supply
of quartz in tﬁe core of the nodule is depleted, the diameter of the wol-
lastonite zone will begin to decrease as the tilleyite zone encroaches
upon it. The tilleyite zoﬁe will continue to grow so long as wollastonite
remains in the core of the nodule,

Figure 6D shows the compositional gradient across a nodule heated to
a temperature within the field bounded by the reactions (C,S,L) and |
(C,L,R,W). At these temperatures, rankinite grows at the expense of til-
leyite and wollastonite., Because the nodule is enclosed by calcite, the
tilleyite zone will continue to grow only if the rate of diffusion of

6ilicon in tilleyite exceeds that of silicon in rankinite. Decarbonation
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of tilleyite to form spurrite by reaction (C,L,R,W) will not change the
shape of the compositional gradient for silica nor will it alter the

sense of movement of the zone boundaries.
THE PHASE RULE

Growth of the monomineralic zones of the calc-silicate nodules has
been explained in terms of an actualistic model based on knowledge of
the initial state of the system and possible reactions leading to its
present state. The hypothesis that both the monomineralic zones and the
two-phase assemblages at their boundaries represent local systems in
equilibrium may be tested by application of Gibbs phase rule to each
local assemblage. Understanding of the growth history of the nodules
allows the determination for each local assemblage, of the number of
chemical species whose chemical potentials are determined by the compo-
sition of the phases in the local assemblage and the number of those
whose chemical potentials are determined by conditions external to the
local system. It must be emphasized, however, that this number can be
determined only on the basis of knowledge of the history of growth of
the nodules. It cannot be determined by enumeration of phases in each
local assemblage without an assumption of the path leading from the
initial to the present state of the system (Weill and Fyfe, 1964, p. 568-
73, 1967, p. 1171-72; Thompson, 1970, p. 5u42).

Following Thompson (1970, p. 541-43), the number of intensive para-
Meters necessary for the formulation of Gibbs phase rule for ; local

assemblage can be determined by writing a Gibbs-Duhem equation for each
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of the phases present. Consideration of the Gibbs-Duhem equation for a

single phase, consisting of N chemical species,

S¢dT - V¢dP + Zn.du? =0,
;174

shows that for an arbitrary choice of temperature and pressure, the chem-
jcal potentials of at most N-1 chemical species are independently vari-
able (Denbigh, 1966, p. 93). Metamorphism of chert, enveloped by calcite,
to form the calc-silicate minerals involved redistribution of CaO, 5102
and CO, by diffusion down gradients of their respective chemical poten-
tials. Within a monomineralic zone, however, the chemical potentials of
at most two of the three transported species are independent, for a gen-
eral choice of P and T. Thus, in formulation of Gibbs phase rule for a
one-phase zone, two species can be considered to have behaved as "per-
fectly mobile" or "boundary value" components (Zen, 1963, p. 930) and
the resulting variance is four. In this case, the upper and lower limits
of the values of the chemical potentials of the boundary value components
are controlled external to the local system by the two-phase equilibria
at the zone contacts. The slopes of their gradients are controlled by
the width of the one-phase zone.

At the zone boundaries, the number of transported chemical spécies
is three, as in the monomineralic zones, but because of the equilibrium
between the two phases, the number of indepéndently variable 