
~TASOMATISM AND MAGMATIC ASSIMILATION AT A GABBRO-LIMESTONE CONTACT, 

CHRISTMAS MOUNTAINS, BIG BEND REGION, TEXAS 

Thesis by 

Raymond Leonard Joesten 

In Partial Fulfillment of the Requirements 

for the degree of 

Doctor of Philosophy 

California Institute of Technology 

Pasadena, California 

1974 

(Submitted May 30, 1973) 



ii 

ACKNOWLEDGEMENTS 

The author wishes to express his sincere thanks to Professor 

Arden Albee, sponsor of the thesis, for providing all necessary 

support for the project while allowing the author complete freedom 

in the choice of topic and the approaches used in carrying out the 

investigation. Professor Stephen Clabaugh of the University of 

Texas at Austin provided the author with unpublished manuscripts of 

previous geologic investigations in the Christmas Mountains without 

which a study of this nature could not have been made. I would like 

to thank Harold Wynne of the Terlingua Ranch Company and Robert Marks 

of the Great Western Corporation for granting access to land under 

their management. The Howard Gibsons, Bill Gibsons and Joseph 

Fandriches of Study Butte, Texas were gracious hosts to the author 

in the field. Art Chodos was a patient teacher of the techniques 

of electron microprobe analysis and Lily Ray gave unselfishly of 

her time to help the author with programming problems. 

Field and laboratory expenses of this project were supported 

by N.S.F. Grant 12867 to Professor Albee, G.S.A. Penrose Grant 

1319-69 to the author and by Caltech General Funds. The electron 

microprobe laboratory was developed with the support of N.S.F., the 

Jet Propulsion Laboratory and the Union Pacific Foundation. The 

author gratefully acknowledges support of a Graduate Teaching 

Assistantship, 1968-69, California State Scholarship, 1969-70 and 

N.S.F. Graduate Fellowship, 1969-71. 

Preparation of the manuscript was supported by the University 

of Connecticut. The author wishes to thank Lori Orant, 



iii 

Marie Millette and Selma Woolman for typing the manuscript, 

Raymond Blanchette and Patrice Stanton for drafting the figures and 

Richard Gaskill for printing the photographs. 

This thesis is dedicated to the memory of Professor C. E. Tilley 

whose pioneering studies of contact metamorphism and magmatic 

assimilation of limestone at Scawt Hill and Camas Mor provided the 

inspiration for this study. 



iv 

ABSTRACT 

A composite stock of alkaline gabbro and syenite is intrusive into 

limestone of the Del Carmen, Sue Peake 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 sequence of lithologies developed 

across the intrusive contact and across xenoliths is gabbro, pyroxenite, 

calc-silicate skarn, marble. Pyroxenite is made up of e~edral crystals 

of titanaugite and sphene in a leucocratio matrix of nepheline, 

vrollastonite and alkali feldspar. The uneven modal distribution of 

phases in pyroxenite and the occurrence ' of nepheline syenite dikes, 

intrusive into pyroxenite and skarn, suggest that pyroxenite represents 

an accumulation of clinopyroxene "cemented" together by late-solidifying 

residual magma of nepheline syenite composition. Assimilation of 

limestone by gabbroic magma involves reactions between calcite 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 + ANxAB( l-X) • 

(1-X) NEPHELINE+ 2(1-X) WOLLASTONITE+ X ANORTHITE+ 2(1-X) co2• ~ 

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 
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calcite dissolved, approximately one mole of clinopyroxene was 

crystallized. Thus the amount of limestone that m~ 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 significant 

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 to 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-X apace. C02 
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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 l~er of a new single phase that 

separates 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 boundari"es 

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 co2 were redistributed in the 

growing nodule by diffusion. A monomineralic zone grows at the 

expense 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-phase equilibria at the zone boundaries. 

Mineralogically zoned calc-silicate skarn occurs as a narrow band 

that separates pyroxenite and marble along the intrusive oontact and 

forms a rim on marble xenoliths in gabbro. Skarn consists of melilite 

or. idocrase pseudomorphs of melili te, one or two . stoichiometric calc

silicate phases and accessory Ti-Zr garn~t, perovskite and magnetite. The 

sequence of mineral zones from pyroxenite to marble, defined by a 

characteristic calc-silicate, 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 faoies type, indicating 

that the different 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-

tiona of equilibrium, trivariant in P, T and uCO • The "special" 
2 

bulk composition of each zone is controlled by reaction between phases 

of the zones bounding it on either side. The 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 var.y antithetically with that of Si 

l-Thich systematically decreases from pyroxenite to marble. The chemical 
. . 

potential of Si in each skarn zone 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 bounded mineral zones, 

each consisting of a relatively small number of phases developed at 

the contact between chemically dissimilar rocks, commonly 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 basedonthe 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 concentration 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 mineral assemblages of 

adjacent zones in an effort to distinguish between the transport 

mechanisms of diffusion and infiltration (Korzhinskii, 1970). 

Although the phase rule with the boundary conditione proposed by 

Korzhinskii provides a powerful teet of specific models for 

metasomatic growt~ ita application to petrologic systems has been 

criticized by Weill and Fyfe (1964, 1967; see also replies by 

Korzhinekii, 1966, 1967 and by Thompson, 1970) because the simple 

counting of 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. 
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The purpose of thia 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 sc~le 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 to 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 chosen for this study, in the Christmas Mountains 

in the Big Bend Region of Texas, consists 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 forme rima 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, suggests 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 pro.vide 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 

limestone. It will be shown that the mineral assemblages of 

pyroxenite 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 XCO ·during metamorphism and to derive 
2 

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 between mineral assemblages of 

adjacent 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 rock$ which dip radially 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 olay 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 pyroc.lastic units and lava flo>\'s. 

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 \-lest 

by the Terlingula Fault and Solitario Uplift. Faults and fold axes 

within the Sunken :Block trend north-northwest, parallel to the 

boundary faults. The anticlinal axis and normal fault system in the 

Christmas l~ountains 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 Early Tertiary alkaline igneous province of 

~lest Texas, can be subdivided into a critic ally undersaturated 

gabbro-syenite suite, members of which occur primarily as concordant 

sills and laccoliths, and n suite of peralkaline trnchyandeuites, 

tra chyte o D..tld rhyohlco , which occur mninly in C. i ucor dnnt pl'..l[:8 o..nd 
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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 limestone. W C 

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

Strati~apnio ~nite that crop o~t in the Chrietm•• Mountains are 

listed, with their approximate thickness, in Table 1 (Bloomer, 1949 

and Maxwell et. al., 1967). A comprehensive disc~ssion of the 

Cretaceous stratigraphy o! the Big Bend Region is given by Maxwell and 

Hazzard (Maxwell et. al., 1967, p. 28-96). Only the Del Carmen, Sue 

Peaks and Santa Elena Formations occur in intrusive contact with rocks 

of the gabbro complex, 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, 

microcrystalline 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 

forma a elope 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 CRETACEOUS AGE 
CHRISTMAS MOUNTAINS, TEXAS 

Name of Formation Thickness 

Javelina Formation 260 meters 

Aguja Formation 275 meters 

Pen Formation 215 meters 

Boquillas Formation 245 meters 

Buda Limestone 15 meters 

Del Rio Clay 25 meters 

Santa Elena L~mestone 930 meters 

Sue Peaks Formation 25 meters 

Del Carmen Limestone Base not Exposed 
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thin-bedded limestone and shale member, about 8o meters thick 

(Maxwell et. al., 1967, p. 41-42). Extensive thermal metamorphism of 

the Sue Peaks rocks by the gabbro has rendered the slope-forming 

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, argillaceous limestone can be easily distinguished from 

the massive beds of Del Carmen and Santa Elena limestones 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 microcrystalline 

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 weathered surface. 

The rusty-brown limestone occurs as banda, 2mm to 20 em in width in 

the upper 8 meters of the formation. The wide banda are made up of 

individual, paper-thin lamellae interbedded with tan limestone. In 

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 limestone 

increases upward in the section from ab~ut 1:10 in the lower third 

to 2:1 near the top. 
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santa Elena Limestone 

The Santa Elena Limestone is yirtually identical to that of the 

Del Carmen in both stratification 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 em. 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 exception of nodular chert, the 

Santa Elena, like the Del Carmen, is made up of relatively pure 

calcite limestone. 

Boquillas Formation 

A fault-bounded slice of Boquillas 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 Bose 1913, p. 25-28.) 
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THE GABBRO COMPLEX 

The Christmas Mountains alkaline gabbro 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. The 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 coarse-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. Gabbro 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 ooarae-grained gabbro ia 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 intrusion imparts a moderately 

well-developed foliation to the rock that is parall~l 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 schlieren in fine

grained gabbro, found within a few meters of its contact with 

coarse-grained gabbro may represent relects of the pyroxenite 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 intrusions of trachyte and 

rhyo~e 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 other, the age relationships are 

based on the observation 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 inte 

pyroxenite and along the -contact between skarn and marble is clear 

-
evidence that it is younger than the coarse-grained gabbro. The 

porphyritic and fine-grained gabbros are nowhere in mutual contact, 

so that relative ages cannot be determined. 

Thin dikes of fine-grained titanaugite syenite are intrusive 

into gabbro of all three types. 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 em across. 

A large, arcuate body of kaersutite~titanaugite 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, (2a) 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 trachyandes~te 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 50° 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 oases, wollastonite. 

Ch~racterized 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 rook in the 

other. Mineralogically similar pyroxenites are developed between 

each of the three gabbros at contacts with each of the three 

limestones. 

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 60°, truncating bedding in marble that dips away from the 

intrusion with dips of 10° to 30°. 

Although the contact between nepheline pyroxenite and idoorase

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 skarn are 

filled by pyroxenite, the result being a relatively planar gabbro

pyroxenite contact in contrast to the scalloped pyroxenite-skarn contact. 



18 

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 em 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. Pyroxenite 

related to coars·e-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 to 40 em thick. 

Small xenoliths of green idocrase-groeeular-wollaetonite skarn, 

2 to 15 em acrose, are quite abundant in the thick pyroxenite zone 

associated with coarse-grained gabbro, but none have been found 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 em 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 contact with marble. These xenoliths which occur in 

gabbro are separated from gabbro by a concentric shell of pyroxenite, 

1 to 2 em thick. 

There are eight large skarn xenoliths, most l 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 is 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 meters from the nearest contact, 

but in one case, show evidence for vertical transport of 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 Peake 

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 

separated by a zone of pyroxenite. That the 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 from 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 perovskite, are intrusive 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 crystal ·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 
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coarse-grained, olivine-titanaugite gabbro and in fine-grained gabbro 

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 

assemblages across 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 the 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 along 

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 mineral 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 metamorphism of impure 

limestone. However, proof that the mineralogic zonation in skarn is 

the result of metasomatic introduction of material from gabbro, rather 
. . 

than the isochemical 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 

rryyolite. Within the eastern part of the map area shown in Figure 1, 



23 

Swadley (1958) and Jenkins (19~) identified 9 intrusive rock units 

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

int rusion, from oldest to youngest is: 

I. Sill-like intrusions parallel to gabbro-marble contact, 

along eastern margin of gabbro complex. 

1. Rhyolite 

2. Peralkaline trachyandesite 

II. Stocks, centered at southeastern margin of gabbro complex. 

3· Porphyritic trachyandesite 

4· Syenite 

5· Rhyolite 

III. 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. Porphyritic olivine basalt 

No attempt has been made in this study to extend detailed 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 Mountains alkaline gabbro complex 

consist of olivine- and nepheline- normative gabbro and syenite. 

Nepheline seldom appears in the mode, however. Ita 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 

aaaemblaees 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 compositiornof individual samples of igneous rocks 

were determined by electron microprobe 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-1 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 igneous 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 aub-ophitic intergrowth of plagioclase ru1d titanaugite, with 

alkali feldspar and analcite, when present, occupying angular 

interstices 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 

titannugite, it is never completely enclosed by it. The moot common 

t ex t ur a l hnbit of hiotite i a ao r imo on i ron-titani um oxi de 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 

scheme 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 ja. 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 2a). The concentration 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 strongly absorbing zone of 

titanaugite has a ratio of (Al+Ti)/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 

ilmenite (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 

10-l7 to lo-19 bars oxygen fugacity. 

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 Oo54• 

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 oscillatory zoning. The range 

-
of compositional variation of feldspar from two samples of coarse-

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



z1
, 

O
li

v
in

e 

25
%

 
T

it
an

au
g

it
e 

~
 

B
io

ti
te

 

7{
 

O
pa

qu
e 

6
~
 

P
la

g
io

cl
as

e 

TA
BL

E 
1 

AV
ER

AG
E 

M
OD

E 
AN

D 
M

IN
ER

AL
 C

O
M

PO
SI

TI
O

N
 O

F 
CO

A
RS

E-
G

RA
IN

ED
 O

LI
V

IN
E-

B
IO

TI
TE

-T
IT

A
N

A
U

G
IT

E 
GA

BB
RO

 

F0
5~

A4
3-

F0
50

FA
50

 

C
a0

.8
8 

N
a0

.0
4 

M
g0

.7
3 

F
e0

.2
8 

M
nO

.O
l 

T
i0

.0
6

 A
l0

.1
6 

S
il

.8
5

 °
6

 

K
l.

7
8

 N
a0

.1
7 

C
aO

.O
l 

(M
g,

F
e)

5.
0 

M
n0

.0
2 

T
i 

0
.8

9
 A

l2
.5

4 
S

i5
·5

7
 (

O
,O

H
)2

4 

M
ag

ne
ti

te
 

E
xs

ol
ve

d 
Il

m
en

it
e 

H
om

og
en

eo
us

 
Il

m
en

it
e 

U
SP

27
-U

sP
45

 
H

EM
2-H

E
M

3 
H

EM
2-H

E
M

3 

3%
 

A
lk

al
i 

F
el

d
sp

ar
 

AN
68

AB
31

oR
1 

-
AN

37
AB

60
oR

3 

AN
 3AB

 44
 OR

5 
j 

1%
 

A
p

at
it

e 

1
\)

 
co

 



Cg 
Fg 
Pg 
Sy 

Ca 

0.88 
0.90 
0.88 
0.89 

29 

TABLE 2 

ELECTRON MICROPROBE ANALYSES OF CLINOPYROXENE 
CHRISTMAS MOUNTAINS, BIO BEND REO ION, TEXAS 

FORMULA PROPORTION OF CATIONS (MEDIAN VALUES) 

Na 

0.04 
0.04 
0.05 
0.08 

Mg 

o. 73 
0.73 
0.73 
0.46 

Fe Mn 

0.01 
0.01 
0.01 
0.02 

Al 

0.16 
0.08 
0.12 
0.06 

PROPORTION PYROXENE MOLECULES 

Ti 

0.06 
0.03 
0.04 
0.01 

Si 

1.85 
1.90 
1.89 
1.92 

0 

6 
6 
6 
6 

Cg 

Fg 

W045EN41FS14 

W046EN40FS14 

W046EN40FS14 

W047EN25FS28 

AC
9
DI 68HED 2 3 

Ac
9
ni67HEn

24 

Pg 

Sy 

Cg 
Fg 
Pg 
Sy 

RANCE OF VARIATION IN CATION PROPORTIONS 

0.24-0.34 
0.25-0.37 
0.19-0.39 
0.48-0.67 

Median 

0,29 
0.29 
0.29 
0.56 

Al 

0.06-0.27 
0.04-0.18 
0.04-0.39 
0.05-0.04 

Ti 

0.02-0.09 
0.02-0.03 
0.01-0.11 

'0.05-0.04 

ACll DI66HED23 

AC15DI40HED45 

Al/Ti 

2.7 
3.2 
3 
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 Median or range of 68 point analyses of clinopyroxene frpm ~orphyritic 
gabbro 

Sy Median or range of 23 point analyses of clinopyroxene from syenite 
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Figure 1. Electron microprobe analyses of clinopyroxene from igneous 
rocks plotted on pyroxene quadrilateral. Proportion of end
member molecules computed by the normative scheme of Kushiro 
(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 s,yenite 
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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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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 
b. 43 point 
c. 68 point 
d. 23 point 

analyses 
analyses 
analyses 
analyses 

from 
from 
from 
from 

coarse-grained gabbro 
fine-grained gabbro 
porphyritic gabbro 
syenite 
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Figure 4. Electron microprobe analyses of feldspar from igneous rocks. 
a. 23 point analyses from coarse-grained gabbro, CM-39-6 
b. 29 point analyses from coarse-grained gabbro, CI11-77A 
c. 9 point analyses from fine-grained ' gabbro CM-109-5 
d. 19 point analyses from fine-grained gabbro CM-136 
e. 22 point analyses from fine-grained gabbro CM-276 
f. 58 point analyses from porphyritic gabbro CM-39-1 
g. 63 point analyses from porphyritic gabbro CM-69 
h. 19 point analyses from syenite C:M-81 
i. 27 points analyses from syenite CM-294A 
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FINE-GRAI~nill BIOTITE-TITANAUGITE GABBRO 

Fine-grained biotite-titanaugite gabbro is an equigranular rock 

wit h 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 em), optically 

continuous, sieve-textured grains of biotite impart a crude foliation · 

to some samples. The ratio of included plagioclase, titanaugite, 

Fe-Ti oxide and apatite to host biotite is approximately 7:3. 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, 

its 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 

ilmenite, 1 to 8 microns in width, exsolved along (111). The 

distribution of magnesium, manganese and aluminum between homogeneous 

and lamellar ilmenite and between larn.ellar ilmenite and magnetite is 

similar to that determined for Fe-Ti oxide phases in coarse-grained 

gabbro . Conditions of subsolidus oxidation recorded by lamellar 

0 -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. The 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 eynneusis relation (Vance, 1969), and enveloped by an euhedral, post-

8ynneueis 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 nepheline 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 is no 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 similarin 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. Photomicrograph of composite feldspar phenocryst in 

porphyritic gabbro. Composition of individual plagioclase 

grains in core range from AN66AB
33

oR1 to AN
39

AB58oR3• 

Composition of the plagioclase overgrowth ranges from 

AN
34

AB
63

oR
3 

to AN
20

AB70oR10• Alkali feldspar rim varies 

in composition from AN9AB61oR30 to AN~28oR70 • 
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ilmenite 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 temperature and oxygen fugacity than did the coarse set. 

Conditions of subsolidus oxidation are 700 to 8o0°C at 10-l5 to 

-16 10 bars oxygen fugacity. 

Electron microprobe point analyses of feldspars from porphyritic 

gabbro show continuous variation in composition between limits of 

. " 

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 AN
9

AB61oR
30 

mantles plagioclase with a rim composition 

of AN
20

AB
70

oR10 in sample CM-69 (Plate 1). Where compositional 

gaps do not occur, compositional gradients 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 continuously 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 the 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 albite-orthoclase side-lines, large changes in 

liquid composition result in relatively small changes in the composition 

of coexisting feldspar, for feldspar compositions over the ranges 

AN
70

AB
30 

to AN
35

AB
65 

and AB70oR
30 

to AB
30

oR70 • 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. Grain 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•Zagreen, 

Y-yellow. Electron microprobe analyses, summarized in Table 2 and on 
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Figures ld, 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. 

Lnrge xenomorphic grains of alkali feldspar commonly have a core 

of plagioclase. Electron microprobe analyses of alkali feldspar. and 

plagioclase (F.igures 4h and 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 in that sample. The compositional gap occurs in the 

region of maximum curvature of the trace of the ternary feldspar solvus. 

Using the model developed for the crystallization of the porphyritic 

gabbro, the compositional gap results from the inability of sodic 

feldspar to equilibrate with the melt on cooling due to the relatively 

large changes in solid composition produced by very small changes in 

liquid composition. 

SUMMARY 

Petrologic observations pertinent to an und~rstanding of the 

genesis of alkaline pyroxenite and calcic nepheline syenite by 

reaction between gabbroic magma and limestone are: 

1. Gabbroic and syenitic 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 . 



66 

3. The composition of each mineral is essentially the same in 

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. 

4· Clinopyroxene, biotite, magnetite and where present, 

amphibole, have high concentrations of titanium and aluminum. 

5· Gabbroic magmas probably were saturated or nearly saturated 

with plagioclase and clinopyroxene at the time of emplacement. 
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3· GENESIS OF 'fttAFIC 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-silicate 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 characterized by sinusoidal to lobate 

· embayments of pyroxenite into skarn, that are suggestive of 

extensive solution of wallrock by magma. Because mineral 

assemblages in pyroxenite and skarn are compatible , '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 Scawt Hill and Camas Mor 

in the British Isles have been described by Tilley (Tilley and 

Harwood , 1931; Tilley, 1952). Tilley conolud~d that although 

alkaline rocks were produced by assimilation of limestone by 

subalkaline basaltic magma, the predominance of mafio 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 rooks on 

more than a local scale, however, reactions between gabbroio magma 

and limestone play an essential role in the growth of the calc-silicate 

skarn both at the intrusive contact and in xenoliths. 

CONTAMINATED ROCKS 

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). Sphene 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 the uneven modal 

distribution of phases that is characteristic of pyroxenite (Plate 1). 

Within leucocratic patches, wollastonite occurs as elongate bladed 

crystals which have a skeletal habit with rounded margins, 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 ti tanaugi te "cemented" together by a late-solidifying 

alkali-rich residual magma 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 leucocratio patches in pyroxenite 
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Plate 1. Pyroxenite developed at contact betrl'leen 
fine-grained gabbro and xenolith of 
Santa Elena(?) limestone. Sample C~1-lll 
collected from the north margin of the 
more southerly of t wo xenoliths shown on 
map in Figure 2, Chapter 5· Re-entrant 
of skarn a t l eft of photograph is 
surrounded 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+ C02• 

Figure 1. Skeletal crystal of wollastonite 
within single crystal of nepheline, 
sample CM-6-3B. Field of view is 
0.58 x 0.85 mm, plane light. 
Compositions of coexisting phases 
are: 

wo 
NE 

wo96EN1Fs3 
_AN04NE78KA18 

Figure 2. 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
53

AB
45

oR02 
NE AN06NE78KA16 
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('l'ables l and B-6). The compositional similarity of nepheline 

syenite 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 (C?-f-340, Table 1, 

Assemblage 4). Garnet is black in hand specimen and nearly 

opaque in thin-section. The formula of the garnet, 

( ca2. 84Ngo: 10Mno .olao .03) (Til. 23zr o .oleo. 76) (Alo .18Feo. 54Si2. 28) 012, 

differs from that of titanian-zirconian garnet which coexists with 

iiOllastoni te and perovski te in calc-silicate skarn in that there is 

a large excess of titanium over that needed to balance the tetrahedral 

silicon deficiency. Therefore the garnet in syenite cannot be a 

xenocryst from skarn, but is magmatic in origin. 

Nepheline Gabbro 

The ass_emblage ti tana.ugi te + nepheline + sphene ± alkali 

feldspar± wollastonite, which characterizes 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, i'{hich are characteristic 

of the gabbro, seldom occur in the pyroxenite. Thei.r absence rnay be 

the r esul-t of precipitation and subsequent reaction with either 

limestone or contaminated magma or their components may have been held 

in solution in contamina ted magma and precipitated directly as other 

PhCl.scs due to the chanee in bulk cornponition of the magma or to 
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TABLE 1 . 

MINERAL ASSEMBLAGES IN SlENI'l'E 
CHRISTMAS MOUNTAINS, BIG BEND REGION, TEXAS 

1 2 3 4 

CLINOPYROXENE X X X X 
AMPHIBOLE + •• • • • • 
BIOTITE + . . •• • • 
ILMENITE + • • •• • • 
MAGNETITE X • • •• • • 
SPHENE .. X X X 

PEROVSKITE . . • • •• X 

· GARNET . . . . •• X 

WOLLASTONITE •• X X 

PLAGIOCLASE X •• • • 
ALKALI FELDSPAR X X X X 

NEPHELINE •• X X X 

1. Uncontaminated syeni t ·e 

2. Contaminated syenite 

3. Contaminated syenite 

4· Contaminated syenite 
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different conditions of water or oxygen fugacity brought about by 

solution of limestone. Olivine and plagioclase, minerals that begin 

to crystallize early in the crystallization sequence of uncontaminated 

gabbro magma, show textural evidence for reaction to form clinopyroxene 

and nepheline, respectively, 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 evidence 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 igneous 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 Si02 (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 

nepheline. 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 gabbroic magma 

and limestone requires the introduction of silicon, aluminum, 

titanium'and iron to the country rock. Because elemental abundances 

in pyroxenite do not differ greatly from those in corresponding 

gabbro, the volume 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. 

TITAN AUGITE 

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, Yayellow, 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 Y.yellow. 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 pyrokenite 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 composi ti'on of ti tanaugi te in 

the corresponding uncontaminated 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. This 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) 

' Ca Na Mg Fe Mn Al Ti Si 0 

Cg 0 .94 0.05 0.41 0.47 0.01 0.32 : 0.09 1.71 6 
Fg 0 .90 0.08 0.47 0.48 0.01 0.24 : 0.06 1.76 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 Ti Al/Ti 

Cg o. 31~.65 0.54 0.12-{).48 0.04~.14 ).6 
Fg 0.48~ .60 0.51 0.11~.33 0.03~.09 4·0 
Pg o. 26-{) .65 0.54 0.07-{).34 0.03~.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-lllB 

Pg Median or range of 57 point analyses of clinopyroxene 
from pyroxenite derived from porphyritic gabbro. 
Samples CM-8-lB, 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 Mg Fe Mn A1 Ti Si 0 

29- 70 
Core 0.89 0.05 o. 71 0.28 0.01 0.10 0.03 1.92 . 6 

Rim 0.88 O.ll 0.39 o.-5& 0.02 o.o8 0.02 1.91 6 
' 

141-8 
Core 0.90 0.04 0.69 0.31 0.01 0.14: 0.06 1.85 6 

Rim 1 0.90 0.07 0.54 0.39 0.01 0.20 0.07 1.81 6 

Rim 2 0.86 0.11 0.21 o. 78 0.02 0.10 0.03 1.89 6 

141-4 Sector Zoned 
(100) 0.94 0.04 0.42 0.42 0.01 0.44 . 0.13 1.61 6 

(001) 0.94 0.04 0.47 0.42 0.01 0.31 0.08 1.72 6 

Rim 0.87 0.11 0 . 17 0.81 0.02 0 .09 0.02 1.91 6 

340 
Core 0.94 0.06 0.48 0.48 0.01 0.06 0.03 1.93 6 

Rim o. 73 0.27 0.07 0.90 0.02 0.03 0.02 1.96 6 

8-1A 
Aegirine 0.14 0.87 0.01 0.92 o.oo 0.03 0.02 1.98 6 
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Figure 1. 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. 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 Al/Ti. 
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 

' based 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. Concentration profiles across zoned 
titanaugite from pyroxenite derived 
from coarse-grained gabbro. K-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 Si02 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 

saturated in anorthite and nepheline produces a steady lowering of 

the activity of Si02 in the contaminated magma. Thus, although the 

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 magnesium in contaminated magma due to copi~us 

crystallization of titanaugite, variation in the ratio Al/(Al+Si) 

reflects control of the activity of Si02 in the melt by feldspar

liquid equilibria. 

LI~STONE ASSirHLATION 

A model for the evolution of pyroxenite by reaction between 

gabbroic magma and limestone has been developed as a part of the 

growth model 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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is 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 

states. 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 equilibrium 

with it. 

The Plagioclase Reaction 

The crystallization sequences of each of the three gabbros 

indicate 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 gabbroio magma and limestone may 

be described by a reaction between calcite and plagioclase 

2(1-X) CALCITE + ANxAB(l-X) • 

(1-X) NEPHELINE + 2(1-X) WOLLASTONITE + X ANORTHITE + 2(1-X) C02• 

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. 

Aithough 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 margine, 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, resorption of plagioclase by the magma involves 

solution of both the albite and the anorthite components and the 

"plagioclase effect" (Bowen, 1945; Watkinson and Wyllie, 1969, 

p. 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 

into the pyroxene solid solution (Tilley and Harwood, 1931, p. 462). 

Entry of CaA1
2
Si06 into clinopyroxene is favored so long as the 

activity of Si0
2 

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 CaO exceeds that needed to combine with available iron and 

magnesium to form clinopyroxene. Wollastonite in pyroxenite occurs 

as skeletal crystals, with rounded margins, suggestive of resorption 

by magma. In contrast to wollastonite from skarn which is 

essentially pure CaSi0
3

, 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 skarn represent 
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residual contaminated magma, that was pressed out of the pyroxene 

mesh. 

On the basis of experimentally determined melting relationships 

on the join albite-calcite-H2o, Watkinson and Wyllie (1969) proposed 

a model ,for the progressive assimilation of limestone by a 

water-saturated albite melt •. According to the model, progressive 

solution 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 lies within the range of composition of 

plagioclase from uncontaminated gabbro. The · anorthite component 

of resorbed plagioclase enters into solid solution in 

clinopyroxene. 

l-lollastoni te 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

silicate minerals in skarn. 

Nepheline was the last phase to crystallize in pyroxenite. 

In the experimentally investigated system, nepheline 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 titanaugite 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 crystallizes from a melt. Thus for each mole of calcite 

taken into solution by the magma, approximately one mole of 

clinopyroxene was crystallized to supply the energy necessary for 

the endothermic decarbonation reaction. The amount of limestone 

that may be assimilated by a given volUme of gabbroic magma is 

limited by the concentration of potential clinopyroxene in 

- uncontaminated magma. 

The Olivine 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 

r1ate 3, Figure 1). The former presence of olivine in these rocks 

is marked by vermicular magnetite in the core of zoned grains of 

titanaugite (Plate 3, Figure 2). Compositions of coexisting 

olivine, titanaugite and magnetite from the assemblage of Plate 3, 

Figure l (CM-8-lA) are 

Mg0.95Fel.03Mn0.04Si0.98°4 

Ca0.92Na0.06Mg0.69Fe0.24MnO.OlTi0.05Al0.28Sil.76°6 

Fe2.37Mn0.02MgO.lOAl0.09CrO.OlTi0.4004- MGT60USP40 

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 + MAGMA • CLINOPYROXENE 
+ ~~GNETITE 

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

OL Mg0.95Fel.03Mn0.04Si0.9804 

CPX Ca0.92Na0.06Mg0.69Fe0.24MnO.OlTi0.05Al0.28Sil.7606 

MGT Fe2.27Mn0.02Mg0.10Al0.09CrO.OlTi0.4004 

Figure 2. Vermicular magnetite in core of zoned clinopyroxene, 
sample CM-8-lB. Field of view is 1.2 x 1.6 mm, plane 
light. Clinopyroxene is zoned from 

core: Ca0.90Nao.o6Mg0.76Fe0.26MnO.OlTi0.03A10.075i1.92°6 

rim: Ca0.92Na0.07Mg0.39Fe0.55Mn0.01Tio.o4Alo.165il.85°6 
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other analyzed samples (CM-8-9, CM-41-2) ranges from Fo
64

FA
36 

to 

F0
4

TPA53, 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 contaminated magma and is analogous 

to the olivine reaction 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 of 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. themagma to precipitate directly as alkali feldspar 

and as 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-X) CALCITE + ANXAB(l-X)= 

(1-X) NEPHELINE + 2(1-X) WOLLASTONITE + X ANORTHITE + 2(1-X)co2• 

Plagioclase in pyroxenite has corroded margins and is r~mmed by 

nepheline, indicating resorption by the melt. Reaction between 

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 CaO over that needed to combine with 

FeO and MgO as clinopyroxene. The anorthite component of the melt 

entered the clinopyroxene as CaA1 2Si06 ~ Nepheline, the last phase 

to crystallize from contaminated magma, ''cemented" together the 

aggregate of accumulated titanaugite. 

The energy required for the endothermic decarbonation reactions 

was supplied by the crystallization of titanaugite from contaminated 

magma, liberating the enthalpy of fusion. For each mole of calcite 



dissolved by the magma, approximately one mole of clinopyroxene was 

crysta~lized. 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 potential clinopyroxene in 

uncontaminated magma. Compositional 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 igneous 

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 pyroxenite and 

nepheline syenite, developed at the intrusive contact in the 

Christmas Mountains are the result of assimilation of limestone by · 

critically undersaturated gabbroic 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 

ultramafic 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· MEI'ASOli{ATIC GROWTH OF ZONED CALC-SILICATE NODULES FROM THE CONTACT AUREOLE 

INTRODUCTION 

Within 60 meters of the intrusive contact with 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 calc-silicate minerals . Stoichiometric phases in the system 

cao-sio2-co2 form a series of concentric monomineralic and two-phase 

shells which record a step-wise decrease in the concentration of Si02 

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 zane is separated from wollasto

nite by a zane consisting of tilleyite plus spurrite and/or rankinite . 

The sequence of monomineralic zones ~d consequent discontinuous 

gradient in bulk composition across each of the calc-silicate nodules 

are analogous to those developed by reaction 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, 195lb; 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 Ca0-Si02-co2 suggest that, except for special compositions that 

correspond to those of the phases themselves, thermal metamorphism of 

siliceous limestone~hould 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 compositional discontinuity between calcite and chert propagated 

as a series of monomineralic zones rather than as sequence of two-phase 

assemblag~s with continuous variation in modal composition. 

Rocks made 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 consist

ing of a large number of chemical species and to explain growth 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 two

phase assemblages 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 rusty-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 

I 
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 intervals 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 we~tern part of the Christmas Mountains (Bloomer, 1949; Swadley, 

1958; Jenkins, 1959). According to Maxwell (Maxwell, Lonsdale, Hazzard 

and Wilson, 196 7, 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 

emplacement 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 13~5 meters 

(Bloomer, 19~9; 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 l). 

\fuen the chert recrystallized to quartz or reacted with the enclosing 

limestone to form concentric shells of calc-silicate minerals, morpho-

logical irregularities were smoothed out. The resulting nodules are 

spherical or ellipsoidal in shape (Plate 1, figures 2-~). 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, 

two or more ellipsoidal nodules may be enclosed by a common rim (Plate 

l, fie;ure ~). 
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Plate 1. 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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HINERALOGY 

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, whicl1 forms the 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

sitional gradient along which the ratio of CaO to Si02 increases in 

steps from the core of the nodule to the rim. 

l1ineral 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 this context, the phases on 

either side of the boundary between manomineralic 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- anc.l rarely, three-phase assemblages 

are found in nodules collected within 18 meters of the gabbro. 
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Figure 1. Mineral phases in the system CaO-Si02-eo2• 
Compositions of calcite, tilleyite and 
spurrite have been projected from co2 onto 
the join CaO-Si02• 
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TABLE 1 

MINERAL ASSEMBLAGES IN CHERT AND CALC-SILICATE NODULES 

SAMPLE 
DISTANCE c C+T T 
meters 

T+S · T+R T+W R+W \-1 Q 

CM-152 4.6 X X X X X X 

CM-153 5.5 X X X X X 

CM-154 7.9 X X X X X X X 

CH-155 11.3 X X X X X 

CM-156A 15.0 X X X X X X 

Cl·1-156B 15.2 X X X X 

CH-124-1 15 X X X X X X 

CM-124-2 15 X X X X X 

- - - - - - - -
CM-157 18.3 X X X X 

CH-158 22.0 X X X 

CH-159 26.2 X X X 

CM-160 29.6 X X X 

- - - - - - - - ------ - - - - -
CM-161 32.4 X X 

Cl1-162 35.7 X X 

CH-163 38.8 X X 

Ct1-131 59.5 X X 

- - - - - - - - - - - - - - - - - - - - -
CM-165 83.9 X X 

Cl1-129 122 X X 
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Plate 2. Zoned calc-silicate nodule, CM-124, collected 
15 meters from intrusive contact with gabbro. 

Figure 1. Slab cut through center of nodule, 
50 mm in diameter. Core is 
"'ollastoni te. 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. 

Figure 2. 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. 

Figure 3. Contact between zone of "radial" 
tilleyite and single crystal of 
wollastonite . Crossed nicola, 
field is 2.3 x 3.0 mm. 
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Chert nodules from unrnetamorphosed 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, titani\.D'O and iron 

occur in the chert, more than 99 per cent of the volume of an individual 

calc-silicate nodule consists of stoichiometric phases of the system 

CaO-Si0
2
-co2 • Unmetarnorphosed nodules of black, aphanitic chert have a 

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 coarse-grained, prismatic wol

lastonite. The contact between the wollastonite nodule and enclosing 

calcite marble is sharp. The assemblage wollastonite-quartz has not 

been fo~.md. 

Nodules collected between 18 and 30 meters from the contact have a 

core of coarse, prismatic wollastonite which is separated from marble by 

a rim of granoblastic tilleyite, 0.5 to l centimeter in width. In most 

of the nodules from this interval, tilleyite is nearly completely 
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replaced by fibrous scawtite(?), but irvegular velicts of fresh tilleyite 

confirm its pvesence in this zone. Apart from this fibrous alteration 

of tilleyite, calcite, tilleyite and wollastonite occur in well-defined, 

monomineralic zones. Theve are no incompatable phases in contact across 

zone boundaries. That is, calcite and wollastonite ave never found in 

mutual contact. 

Calc-silicate nodules collected within 16 meters of the gabbro con

tain calcite, tilleyite, rankinite, wollastonite 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 thvee-phase assem

blages. Calcite, tilleyite and wollastonite form monomineralic zones as 

before, but spurrite and rankinite occur exclusively in two- and thvee

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 co2 , then tilleyite and wollastonite should be 
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incompatible in a zoned nodule containing rankinite and/or spurrite. 

Tilleyite occurs in three distinct textural habits, two of which are 

present in every nodule that has a zone with the assemblage tilleyite

wollastonite. Where it occurs in a monomineralic 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-

elusions and the second phase, where present, is interstitial to it. In 

the interval 11 to 16 meters from the gabbro, 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 co2 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 rankini te 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 rreters. However, the sequence of carbonate and calc-silicate 

minerals which coexist with rrelilite, titanian andradite, perovskite and 

magnetite across the one meter wide skarn formed at the contact between 

marble and gabbro is calcite, spurrite, rankini te and wollastonite. Al

though the bulk chemistry of the skarn is quite removed from the system 

CaO-Si0
2
-co

2
, 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 moment, the two- and three-phase assemblages, 

the sequence of sets of phases in nodules and skarn, listed in the order 

encotmtered as the intrusive contact is approached is: 

CALCITE-QUARTZ 

CALCITE-WOLLASTONITE 

CALCITE-TILLEYITE-HOLLASTONITE · 

CALCITE-TILLEYITE+SPURRITE-RANKINITE-HOLLASTONITE 

CALCITE-SPURRITE-RANKINITE-WOLLASTONITB 
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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 place 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 monomineralic zones are compatible with 

equilibrium. It is thus necessary to examine the chemographic relation

ships among phases in the system Ca0-Sio2-co2 and to construct a petro

genetic grid relating the sequence of possible mineral reactions to vari

ations :iri 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-Si02-co2 , N. L. Bowen de~uced a sequence of 

reactions or steps which take place between the minerals of siliceous 

lirrestone 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 



124 

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 Ca0-Sio
2

-co
2 

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, CaO, Si0
2 

and co
2

• Graphical repre

sentation of the ·compositions of minerals in the system CaO-Si0
2
-co

2 
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 fraction of co2 in the fluid may 

be treated as an independent environmental variable and the number of 

components reduced to two (Thompson, 1957, p. 844-45). 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 such as the P-T coordinates of invariant points and the slopes 

of univariant lines. 

Tne 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 deeenerate (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 

coordinates of four algebraically independent univariant 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 univariant reactions and location of the 15 invariant 

points. 

R. I. Harker and o. F. Tuttle experimentally determined the pres

sure-temperature coordinates of the reaction: 

CALCITE + QUARTZ = WOLLASTONITE + C02 
(T ,S ,L ,R) 

(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 = TILLEYITE + C02 (S ,L ,R) 

3 CALCITE + 2 WOLLASTONITE = SPURRITE + 2 C02 
(T,L,R) 

TILLEYITE = SPURRITE + C02 
(C,L,R,W) 

(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 Al2o3 and CaF2 into the system. 

Zharikov and Shmulovich (1969) redetermined the pressure-temperature 

curves for reactions (S,L,R) and (C,L,R,tn without recourse to the use 
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of flux. Their results , which at a given pressure , lie 10° to ~oo C above 

those of Harker, have been used in the computations that follow in order 

that an internally 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: 

SPUFL~TE + ~ WOLLASTONITE = 3 RANKINITE + C02 

SPURRITE + RANKINITE = ~ LARNITE + C02 

(C,T,L) 

(C,T,W) 

A petrogenetic grid for the system CaO-Si0
2
-co2 was constructed by 

plotting the un~variant 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 uni variant curve is linear on 
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a plot of ln 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 
0 

to the negative of the standard enthalpy of reaction (liHR), divided by 

the gas constant. The nwnerical value of the equilibrilun constant, K, 
0 

and hence, the value of liHR, depends on the choice of standard states 

for the species involved in the reaction. Anticipating the need for the 

enthalpy of reaction (6HR) 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 dioxide 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 co
2 

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 l 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 ln K - (1/T) plots by expressing the equi-

librium constant in terms of the fugacity of carbon dioxide which was 
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(C,T,S) 

(C,T,L) 

(C,T ,R)'': 

(C,T,H) 

(C,S,L) 

(C,S,R) 

(C,S,H) 

(C,L,R,W) 

(T ,S ,L)1: 

(T,S,R) 

(T ,S,W)''' 

(T,L,R) 

(T ,L,W)<'t 

(T,R,W) 

(S,L,R) 

(S,L,H)* 

(S ,R,W) 

(T ,S ,L ,R) 
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TABLE 2 

MINERAL REACTIONS IU THE SYSTEH CaO-Si02-co2 

REACTION 

RANKINITE = LARNITE + WOLLASTONITE 

SPURRITE + 4 WOLLASTONITE = 3 RANKINITE + C02 
SPURRITE + WOLLASTONITE = 3 LARNITE + C0

2 
SPURRITE + RANKINITE = 4 LAru~ITE + C02 
TILLEYITE + 4 WOLLASTONITE = 3 RANKINITE + 2C0

2 
TILLEYITE + HOLLASTONITE = 3 LARNITE + 2 C02 
TILLEYITE + RANKINITE = 4 LARNITE + 2 C02 
TILLEYITE = SPU~~TE + C02 
CALCITE + 2 WOLLASTONITE = R&~KINITE + C02 
CALCITE + WOLLASTONITE = LARNITE + C02 
CALCITE + RANKINITE = 2 LARNITE + C02 
3 CALCITE + 2 WOLLASTONITE = SPURRITE + 2 C02 
2 CALCITE + RN~KINITE = SPURRITE + C02 
SPURRITE = CALCITE + 2 LAru~ITE 

3 CALCITE + 2 WOLLASTONITE = TILLEYITE + C02 
TILLEYITE = 2 CALCITE + RANKINITE 

TILLEYITE = CALCITE + 2 LARNITE + C02 
CALCITE + QUARTZ = HOLLASTONITE + C02 

0 

flH
1 

atm 

KCAL/MOL 

4.3 

31.7 

44.4 

48.7 

56.3 

69.0 

73.3 

24.6 

27.3 

31.5 

35.8 

50.2 

22.9 

12.9 

25.6 

1.7 

37.7 

24.5 

i: 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 co2 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 reactions. All enthalpies 
have been corrected to a pressure of 1 atmosphere. 
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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 

bundles 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 

rretastable extensions of adjacent reactions. 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 l2 of which 

represent both stable and distinct reactions. The topological relation

ships between stable invariant points, uni variant curves and chemographi

cally compatible mineral assemblages or facies types (Albee, 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 univariant 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 

reasonable range of P and T, the sequence of decarbonation reactions 
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Figure 2. Schematic pressure-temperature diagram for system 
CaO-Si0

2
-eo2• Univariant reactions are labeled 

by a list of 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 ~s listed in 
Figure 1. 
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Figure 3. Calibrated pressure-temperature diagram for system 
CaO-Si02-eo2 for XCO in fluid phase equal to one. 

Pressure-temperature2 coordinates for univariant 
curves and invariant points computed from 
experimentally bracketed reversals for reactions 
(s,L,R), (c,T,L), (C,T,W) and (c,L,R,w) determined 
by Zharikov and Shmulovich (1969) and for reaction 
(T,S,L,R) determined by Harker and Tuttle (1956). 
Abbreviations as on Figure 1. 
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. the progressive metamorphism of a siliceous limestone proposed by 
10 

Bawen (1940) and modified by Tilley (1951), represents but one 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 emplace-ment 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 overlying 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 

is consistent with this ·estimate, but the evidence is not entirely 
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unequivocal. The coexistence of calcite with spurrite, spurrite with 

rankinite and rankinite with 'tiollastonite in the skarn at the gabbro 

contact limits the maximum lithostatic pressure to that of the [C,H] 

invariant point, 500 bars. The difficulty in assi~~ing a lower limit 

to pressure lies in the interpretation of the two- and three-phase assem

blages of the nodules collected within 16 weters of the gabbro contact. 

The problem involves the identification of the facies type that is tran

sitional bet>·Teen the contact skarn in vThich spurrite and rankinite co

exist &id calc-silicate nodules with coexisting tilleyite and wollasto

nite. The transition may be made via either of two facies types, de

pending on whether the lithostatic press ure was greater than or less 

than that of the [C,L] invariant point. If the pressure Has less than 

about 150 bars, the assen~lage spurrite +wollastonite should occur and 

spurrite should make its first appearance in a nodule farther from the 

gabbro contact than that in which rankinite f irst occurs. Conversely, 

if the pressure exceeded 150 bars, the assemblage tilleyite + rankinite 

should be found to the exclusion of spurrite + ,.,ollastonite, and ranki

nite should appear before spurrite on a traverse across the aureole, 

toward the gabbro. HoHever, r ather than appearing sequentially, both 

spurrite and rankinite make their fi rst appearance in a single nodule, 

15 meters from the gabbro contact. This complication might have been 

anticipated in that the tempel."'ature intervals over Hhich the facies 

types defined by the a'3semblages spurrite + Hollastonite and by tille

Yite + rankinite are at most l0°C in width . Although relationships are 

Partially obscurred by tilleyite of probable re trogra.._:e ori gin, the 



common occurrence of the assemblages tilleyite + rankinite and tilleyite 

+ spurrite and the fact that the assemblage spurrite + wollastonite was 

not found, suggest that rnetamorpfiism 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 bars. 

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 l025°C, if pure co2 was 

present. A thermal gradient, recording maximum temperature attained 

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

the temperature at 325 bars, for each univariant reaction bracketed by 

the sequences of facies types as a function of its 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. 

However, the assumption that metamorphism of the chert nodules in

volved a relatively pure co2 fluid is not unreasonable. Carbon dioxide 

\oras generated in each of the prograde mineral reactions at the zone 

boundaries. Diffusing radially outward under an internally generated 

press ure gradient, co
2 

would readily mix with or displace any water in 

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

reaction necessary to produce sufficient C02 to saturate the local 



Figure 4· 

137 

Gradient of maximum temperatures 
contact aureole as determined by 
reactions di variant in P-T-XCO • 

2 

attained in the 
position of 
Horizontal bar 

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
2 

yields 225 cm
3 

of co2 at 600°C and 325 bars. For a spherical chert 

nodule with an initial radius of 3 em, 1 mole of wollastonite would form 

a concentric shell, separating calcite from quartz, 0.4 em 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 co2 is generated by mineral reactions and either 

transported away from the reaction site or diluted by H2o. 

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-XCO 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 

l5 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 C02 is greater than 0.6. A lower 
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Figure 5· Isobaric temperature-fluid composition diagram 
for system CaO-Si02-eo2 at pressure of 300 

bars. Abbreviations as in Figure 1. 
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limit 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 6ooc 

below those involving pure CO • 
2 

THERMAL HISTORY 

The present gabbro outcrop is shaped like a letter "J" , but doming 

of the lim~stone 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
2 

rules out the possibility that heat was convectively transferred 

by a water-rich magmatic fluid, expanding outward into the aureole. 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 Fourier 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 Jaeger (1959, 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 au..-roeole 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 contact are about 200°C lower than required by the mineralogy 

while those in the outer part of the aureole are about l00°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 o~ the first sheet, 

after the first sheet has partially solidified. Partial solidification 

of the first sheet prior to intrusion of the second, would impose 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 

Density (p) gm/cm3 

Heat Capacity (c) cal/grn-°C 

Thermal Conductivity (K) cal/crn-sec-°C 

Diffusivity (K) crn2/sec 

Enthalpy of Fusion (L) cal/grn 

~~lting Temperature (Trn) °C 

GABBRO(i) 

2.94 

0.29 

0.0049 

0.0057 

93 

1200 

LIHESTONE( c) 

2.66 

0.30 

0.0042 

0.0053 

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

width, 2a: 

T = To(l + erf a - x ) 
. 2/Kt 

Where the contact temperature To is: 

To = 
a(Trn - T.) 

~ 

(a + erf X) 

Ti is the initial temperature, 

K.~ 
a = ~ c 

K .f;-:-
c ~ 

and X is the root of: 

c 

c. (Trn - T.) 
~ ~ 

Lr,;-
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would immediately raise the temperature at the limestone contact to 

s7ooc. 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 gradient. 

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. 

GROHTH HODEL 

The monomineralic zones in the calc-silicate nodules form a set of 

concentric shells, separated by sharp contacts, which preserve a discon

tinuous, step-function gradient in bulk composition from that of wollas

tonite in the core, to that of calcite in the rim. The resulting se

quence of mineral zones is exactly like that developed between quartz 

and periclase in the hypothetical example described by J. B. Thompson 

(1959, 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. 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 lfne 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 monomineralic 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-XCO 
2 

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

aries are mutually compatible within a particular 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 bulk composi-

tion that corresponds to that of a stoichiometric phase in the system 

CaO-SiO -CO • 
2 2 

As shown on Figure 3, the mineral pairs, calcite+ quartz, calcite 

+wollastonite and tilleyite +wollastonite, each become incompatible at 

successively higher temperature, and react to form the solid phases wol

lastonite, tilleyite and rankinite, respectively, by reactions (T,S,L,R), 

(S,L,R) and (C,S,L). Each reaction involves the combination of two solid 
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phases to form a single solid phase plus fluid co2 • Hence, the growth 

of a monomineralic zone is initiated by reaction between two incompat-

ibl e 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 because equilibrium has been establi shed at the boundaries 

an either side of the new monomineralic zone. At the contact between 

two monomineralic zones, the chemical potential c~!) 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 

monomineralic 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 

the two-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. 114; 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 C02 have been redistributed during metamorphism. Radial 

symmetry of the distribution of mineral assemblages 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. 114; 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 fonnation. Growth 

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

of calcium, silicon and co
2 

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 Sio2 
= TILLEYITE + 3 C02 

5 WOLLASTONITE + 2 C02 = TILLEYITE + 3 Si02 

2 WOLLASTONITE + 3 CaO + 2 co = 2 
TILLEYITE. 

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

in an adjacent zone is also growing . For example, in a nodule ih 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 

~ill grow at the expense of both tilleyite and wollastonite by the re

actions 

3 TILLEYITE + 4 Si02 = 5 RM~KINITE + 6 C0
2 

TILLEYITE = RANKINITE + 2 CaO + 2 C02 

3 WOLLASTOlUTE = RANKINITE + Si0
2

. 

2 WOLLASTONITE + CaO = RANKINITE. 

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 
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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 s maller coordinat ion 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. Except 

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 the 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 zone 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, H). 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 

oilicon in tilleyite exceeds that of silicon in rankinite. Decarbonation 



153 

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 (Heill and Fyfe, 1964, p. 568-

73, 1967, p. 1171-72; Thompson, 1970, p. 542). 

Following Thompson (1970, p. 541-43), the number of intensive para

meters necessary for the formulation of Gibbs phase rule for a 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, 

shows that for an arbitrary choice of temperature and pressure, the chem-

ical potentials of at most N-1 chemical species are independently vari-

able (Denbigh, 1966, p. 93). Hetarnorphism of chert, enveloped by calcite, 

to form the calc-silicate minerals involved redistribution of CaO, Si02 

and co2 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 t;he one-phase zone . 

At the zone boundaries, the number of transported chemical species 

is three, as in the monomineralic zones, but because of the equilibrium 

between the two phases, the number of independently variable chemical 

potentials is reduced by one. For a two-phase assemblage, the number of 

boundary value components is one and the variance is three. The loss of 

a degree of freedom is the result of the buffering of the chemical po-

tentials by the two-phase assemblage. 
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The chert nodule example serves to further emphasize the distinc-

tion that must be made between the mobility of a component in the sense 

of Korzhinskii' s original definition ( 1949) and the physical mobility 

involved in mass transport (Korzhinskii, 1959, p. 16; Zen, 1963, p. 930; 

Mueller, 1967, p. 580; Thompson, 1970, p. 543). Calcium, · silicon and 

co have been redistributed throughout the nodules during metamorphism, 
2 

hence all three were physically mobile. But, in a monomineralic zone, 

two species behaved as "boundary value" or "perfectly mobile" components, 

while at the zone boundaries where two phases coexist, only one of the 

three behaved as a "perfectly mobile" component. 

The relationship between mineral assemblage, possible reactions and 

their variance can be shown graphically on a chemical potential diagram 

(Korzhinskii, 1959, p. 117-22). Figure 7 is a schematic isothermal-iso-

baric section showing relations between mineral assemblages and the chem-

ical potentials of Sio2 and co2 for the region of the P-T plane in which 

both lamite and rankinite are stable. Relationships at lower tempera-

tures may be portrayed by successive elimination of the fields of larnite, 

spurrite, rankinite and tilleyite. The chemical potentials for Si02 and 

co
2 

were chosen as variables because the resulting diagram includes fields 

for all of the phases observed in the calc-silicate nodules. Note that 

each one phase field represents a variance of four, while each of the re-

action lines is trivariant. The loss of a degree of freedom is the result 

of the buffering of one of the chemical potentials by the two / phase assem-

blage . 



Figure (. Schematic isothermal-isobaric chemical potential 
diagram (uSi0

2 
_ uC

02
) for system ~a0-Si02-eo2 at 

pressure and temperature at which larnite + rankinite 
coexist with either tilleyite or spurrite. 
Topological relationships at lower temperatures or 
higher pressures may be shown by successive elimination 
of fields of larnite, spurrite, rankinite and 
tilleyite.· 
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Two types of buffering are possible. Equilibria involving larnite 

+ rankinite and rankinite + wollastonite fix the value of the chemical 

potential of Sio2 while the chemical potential of co2 may vary indepen

dently. Similarly, the assemblage tilleyite + spurrite fixes the chemi-

cal potential of C02 for a range of independent values of the chemical 

potential of Si02 • All other two-phase assemblages are stable over a 

range of values of the chemical potentials of Sio
2 

and co
2

, the only 

constraint being that they both lie on the trivariant surface. 

As shown on Figure 7, each of the facies types observed in the calc-

silicate nodules may be generated isothermally and isobarically along a 

gradient in the chemical potential of Sio
2

• This reinforces the argu

ment that the mineral zones in a single nodule are formed in response to 

the metamorphism of a range in bulk rock composition on the join Ca0-Si0
2 

in the presence of relatively pure fluid co
2

. 

SUHl1ARY AND CONCLUSIONS 

The monomineralic zones that make up an individual calc-silicate 

nodule represent a set of topologically compatible mineral asseiDblages 

stable within a limited volume of P-T-X space. The mineral making up 
C02 

a one-phase zone is compatible with the monomineralic assemblage at each 

of its contacts, while the phases bounding it on either side are incom-

patible. Three solid phases which form a sequence of monomineralic zones 

are related by a divariant reaction in P-T-XCO space in which the two 
2 ~ 

exterior phases are the reactants and the phase separating them is the 

Product. Thus, although metasomatic in origin, the sequence of monomin-

eralic zones in an individual calc-silicate nodule may be understood as 



159 

the 1rineralogical response to metamorphism in a limited volume of P-T-XCO 
2 

space of a wide range of bulk compositions within the system CaO-Si0
2
-co

2
• 

Due to the existence of several stable invariant points within a 

geologically reasonable range of pressure and temperature, the sequence 

of nodule facies types across the aureole closely defines a trajectory 

through P-T-XCO space. Because a lithostatic pressure of 325 bars can 
2 

be determined, independent of the mineral assemblages, the sequence of 

facies types limits the compositions of fluids present during metarnor-

phism to those in which the mole fraction of co2 was greater than 0.6, 

the lower limit being that of the [C,L] invariant point on the T-XCO 
2 

plane. For this range of fluid phase composition, maximum temperatures 

in the aureole, · as recorded by di variant mineral reactions, are 925 to 

1025°C at the gabbro contact, 920 to 990°C at 16 meters, 875 to 930°C at 

32 meters and 565 to 600°C at 70 meters. 

Growth of a monomineralic zone is initiated by reaction between 

minerals of adjacent one-phase zones, which become illcompatible with 

rising temperature, to form a thin layer of a single solid phase which 

separates the reactants and is compatible with both of them. Because the 

mineral of the new monomineralic zone is in equilibrium with the phases 

at both of its contacts, a gradient in the chemical potentials of ex-

changeable species is established across it. Although the zone bound-

aries mark discontinuities in the gradients of bulk composition across 

a nodule, the two-phase equilibria at the contacts demonstrate that the 

chemical potentials are continuous across the zone boundaries. Calcium, 
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silicon and co2 were redistributed in a nodule by diffusion down the 

chemical potential gradients across the monomineralic zones . 

once established, a monomineralic zone grows at the expense of an 

adjacent zone by reaction between the diffusing species and the mineral 

of the adjacent zone . Thus, a one-phase zone may grow by different re

actions at each of its boundaries or it may grow at one boundary while 

being consumed at the other by an adjacent zone which is also growing. 

Equilibria between two solid phases at the zone boundaries buffers 

the chemical potentials of the diffusi ng species. Thus, within a mono

mineralic zone, the upper and lower limits of the values of the chemical 

potentials of the perfectly mobile components are controlled external to 

t he local system by the two-phase equilibria at the zone boundaries . 

Calcium, silicon and co
2 

were redistributed in the nodules during meta

morphism, hence all three were mobile in the sense that they were trans

ported. But, in a monomineralic zone, two species behaved as perfectly 

mobile components whi le at the zone boundaries, where two phases coexist, 

only one of the three behaved as a perfectly mobile component. 
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!·1El'ASQr.1ATIC GROWTH OF THE ZONED CALC-SILICATE SKARN AT THE INTRUSIVE 
CONTACT 

INTRODUCTION 

Calc-silicate skarn occurs in a band, 0.1 to 1 meter in width, that 

everywhere separates pyroxenite developed from the interaction of gabbroio 

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 occurring both in pyroxenite derived from coarse-

grained, olivine-titanaugite gabbro and in fine-grained gabbro where the 

xenoliths are enveloped by a thin shell of pyroxenite. 

~1ineral assemblages found in skarn are listed in Table 1. The most 

widely developed mineral assemblages in the skarn 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 

assemblages across a band of skarn results from the presence of 

~Tollastoni te in the zone in contact with pyroxenite, rankini te with 

either ;.rollastonite or spurrite in the middle of the skarn band and of 

spurrite in the 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 aequence from pyroxenite to marble, the~e zones consist 

of green idocraoe skarn, brown molilite skarn and, in contact with 

rnnrblo 
' white opurrito oknrn. The boundarioo bot\-Joen theoo zones do 

not • in general, coincide Hi th thooe of tho calo-eilicato zone a. The 
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contact between the green skarn and brown skarn marks the outer limit 

of hydration of melilite to form idocrase. It usually oqcurs within 

the wollastonite zone. However, idocrase, pseudomorphous after 

melilite, occurs locally throughout the skarn, usually develop~d 

along 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 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 within silica- and alumina-rich beds of the Sue Peaks 

Formation. The symmetry of the mineral 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 metamorphism of impure 

limestone. However, proof that the mineralogic zonation in skarn at 

the intrusive contact is the result of metasomatic introduction of 

material from gabbro, rather than the isochemical 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 ~ormations 

and from rocks :or 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 
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of zones are the same on all sides of marble-skarn xenoliths 

enclosed by gabbro. 

The sequence of mineral zones across the skarn defined by the 

stoichiometric calc-silicate phases indicates the presence of steep 

concentration gradients in CaO and Si02 between pyroxenite and marble. 

The zonation involving melilite suggests the presence of gradients in 

iron, magnesium and aluminum as well. In order to determine the 

relationship between mineral assemblage, mineral composition and bulk 

rock composition as well as the variation of these parame:ters with 

position within a zoned skarn band, samples from two traverses taken 

across the skarn were studied in detail. 

Traverse CM-8-n, designated "main contact", was collected across 

the skarn developed at the contact between pyroxenite derived from 

porphyritic olivine-biotite-titanaugite gabbro and argillaceous 

limestone from the lower part of the Sue Peaks Formation. A schematic 

cross-section of the main contact at this locality showing the 

location of analyzed samples is shown in Figure 1. Traverse CM-103-n, 

designated "xenolith", was taken across the south margin of a large 

xenolith of Santa Elena(?) Limestone in the fine-grained biotite

titanaugite gabbro, located about 15 meters from the main intrusive 

contact between gabbro and Santa Elena Limestone. Figure 2 is a 

sketch map of this xenolith showing the locations of the analyzed 

samples. Field relationships for all analyzed samples are listed in 

Table C-1 (appendix). 



Figure 1. Schematic cross-section of pyroxenite and skarn 
developed at contact between porohyritic gabbro 
and Sue Peaks Limestone (Point "m", Figure 1, ' 
Chapter 1). Positions of analyzed samples of 
main contact traverse are marked with symbol 
which denotes the assemblage of stoichiometric 
calc-silicate phases in skarn or marble. 
Abbreviations for phases are W~wollastonite, 
R=rankinite, S=spurrite and C=calcite. 
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Sf<ARN AT GABBRO CONTACT 
CHRISTMAS ~ .. ~TS., TEXAS 

SUE PEAKS ____, 
ll h1 ESTONE 
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Figure 2. Sketch map of two xenoliths of Santa Elen! (?) 
limestone in fine-grained gabbro (Point "x", 
Figure 1, Chapter 1). Analyzed samples from 
xenolith traverse were collected along line 
from south margin to the core of the more 
southerly of the two xenoliths. !tlineral 
assemblage symbols as on Figure 1. 

' I 
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Melilite 
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The presence of 50 to 8o volume percent melilite imparts the 

deep yellow-brown color characteristic of rocks from the brown skarn 

zone. In these rocks melilite forms aggregates of subhedral crystals 

that are colorless to very pale yellow in thin section. Mutual 

contacts between three grains meeting at angles of about 120° are 

common. In calcite-spurrite assemblages within the brown or white 

skarn zo~es , melilite occurs in euhedral, rectangular prisms. There 

is no textural evidence to suggest that melilite bears a reaction 

relationship to any minerals other than idocrase or merwinite. 

Electron microprobe analyses of melilite from skarn are listed 

in Table C-2. Compositions listed represent the mean of 3 to 8 spot 

analyses from a single polished thin section. Although concentrations 

of major elements in melilite from a single thin section may vary 

between 0.5 and 5 percent of the amount present, there is no consistent 

pattern of chemical zonation within single grains. Within the total 

sample, melilite varies in composition between 55 and 70 mole percent 

gehlenite end-member, while the ratio of Mg/(M~Fe) of the akermanite 

end-member varies between 0.40 and 0.85. Despite the fact that the 

alkali gabbro involved in the genesis of the skarn contains 4 to 8 

weight percent combined Na2o + K2o, melilite, the only skarn mineral 

in which significant alkali substitution is possible, generally 

contains less than l weight percent Na2o + K2o. 

--~ 
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Idocrase 

Skarn in the zone in contact with pyroxenite contains 40 to 70 

volume percent idocrase which gives the rock its characteristic 

yellow-green color. The contact between the green skarn zone and the 

brown melilite skarn zone is sharp and generally planar at most 

localities. Idocrase occurs to the exclusion of melilite in the 

green skarn zone but idocrase is found locally in the brown skarn. 

vlhere it occurs outside o·f the green skarn zone, idocrase is developed 

along fractures that cut the melilite skarn (Plate 1, Figure 1). These 

fractures can usually be traced back into the green skarn zone. This 

vein-like replacement of melilite by idocrase suggests that the 

idocrase-melilite zone -boundary did not -propagate through the rock as 

a planar front, but developed by the coalescence of a network of 

- . 
idocrase veinlets. Where such a gradational contact occurs, the 

spatial relationships between the green skarn and brown skarn zones 

reflect the probable time sequence of development of the green skarn. 

The gradational contact between green skarn and brown skarn in 

the core of a large skarn xenolith in the fine-grained gabbro clearly 

shows the progressive replacement of melilite by idocrase (Pdate 1, 

Figure 2). Idocrase developed along intersecting fractures forms a 

latticework of veinlets which enclose polygonal areas of melilite 

skarn. Wide idocrase veinlets overlap at points of intersection and 

round off the corners of the enclosed melilite polygons. As the 

contact with the main mass of green skarn is approached, the residual 

"eyes" of melilite become smaller until they are completely engulfed 

by idocraae. 
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Plate. 1. Idocrase replacement of melilite along fractures 
in skarn. 

Figure 1. Idocrase veinlets in melilite skarn, 
sample cr~-86. Sample is 85 x 110 mm. 

Figure 2. Latticework of idocrase veinlets in 
melilite skarn, surrounded by idocrase 
skarn in core of xenolith. The contact 
between idocrase skarn and melilite 
skarn propogated inward by coalescence 
of idocrase veinlets growing outward 
from intersecting fractures. Sample 
CM-86 is from this outcrop. PennY 
gives scale. 
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The spatial relationships between the green skarn and brown 

skarn zones at gradational contacts provide strong evidence for the 

origin of idocrase through reaction of melilite with an aqueous fluid 

flowing along fractures in brown skarn. Textural evidence in thin 

section suggests that idocrase formed by pseudomorphic replacement 

of melili te. 

Where melilite and idocrase occur in the same thin section, their 

grain habits are identical. Idocrase is distinguished from melilite 

by its anomalous birefringent colors, berlin blue, brilliant purple 

or brown. In some rocks it is isotropic. Although it may be colorless 

and clear in plane light, idocrase usually has a dusty brown appearance. 

Its sweeping extinction and lack of a well-defined interference figure 

suggest that idocrase forms polycrystalline or fibrous replacement of 

individual melilite grains. 

Unequivocal petrographic evidence for pseudomorphism of melilite 

by idocrase is shown by partial and complete replacement of euhedral 

prisms of melilite by fibrous idocrase in calcite-spurrite. skarn 

sample CM-6-6~ID (Plate 2, Figures 1 and 2). Figures 1 and 2 of Plate 

3 are photomicrographs of one side of an idocrase veinlet developed 

along a fracture in melilite skarn. Note that the very finely 

divided opaque in idocrase enhances the relict (001) cleavage planes 

of the host melili te. In all sampl·es examined in which' both idocrase 

and melilite occur, idocrase pseudomorphs accurately preserve the 

crystal habit of melilite characteristic of that rock. The habit 

of idocrase in melilite-free rocks is identical to that of melilite 

in rocks with the same assemblaee of calc-silicate phases. On the 
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Plate 2. Partial and complete pseudomorphs of fibrous 
idocrase after euhedral crystals of melilite. 

Figure 1. Plane light. Three rectangular 
melilite crystals in center of 
field have been partially replaced 
by fibrous idocrase. Sample 
CM-6-6MB . Field of view is 
1.2 x 1.6 mm. 

Figure 2. Crossed nicols, same field as 
Figure 1. Idocrase is in extinction. 

Anhydrous mineral formulae for melilite (M) and 
idocrase (I) from this sample are: 

M Ca1.88Na0.12Mg0.20Fe0.15Al1.22Si1.44°7.00 

I Cal.90Na0 .04Mg0. 21Fe0.14All.22Sil.5007 . 09 
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Plate 3. Replacement of melilite by idocraee along edge 
of idocrase veinlet in melilite skarn. 

Figure 1. Plane light. Lower half of melilite 
grain in center of field has been 
replaced by fibrous idocrase. Very 
finely divided opaque enhances the 
relict (001) cleavage of the host 
melilite. Sample CM-86. Field of 
view 0.58 x 0.85 mm. 

Figure 2. Crossed nicols, same field as 
Figure 1. Planar front of idocrase 
replacement cuts across melilite 
grain boundaries. Idocrase in 
extinction across lower half of 
field. 

Anhydrous mineral formulae for melilite (M) 
and idocrase (I) from this sample are: 

M ca1.92Na0.04Mgo.3BFeo.19A1o.aasi1.58°7.00 

I Cal.92Nao.oo'Mg0.37Feo.l6A1o.91 Sii.63°7 .oa 
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basis of the textural evidence presented it is concluded that 

melilite was a primary phase in all idocrase-bearing skarn assemblages 

and that all idocrase in the skarn is pseudomorphous after melilite. 

In order to characterize the reaction leading to the pseudomorphic 

replacement, 16 pairs of coexisting idocrase and me~ilite were 

~~alyzed with the electron microprobe. These analyses are listed in 

Table C-2. Mineral formulae of idocrase have been computed on the 

basis of 5 cations per formula rather than the customary 50 (Warren 

and Modell, 1931; Machatschki, 1932;Barth, 1963; Ito andArem, 1970) 

to facilitate direct comparison with analyses of coexisting melilite. 

Within a single thin section, concentrations of the major elements in 

idocrase vary between 2 and 5 percent of the amount present. As was 

found for melilite, there is no consistent pattern ·of chemical 

zonation within single grains. 

Comparison of the anhydrous mineral formulae of coexisting 

mineral pairs shows a close and consistent correspondence between 

proportion of each element in idocrase and melilite. The only 

exception is sodium which is depleted by a factor of 2 to 50 in 

idocrase relative to melilite. To systematically portray this 

relationship, the atom fraction of each cation in coexisting melilite 

and idocrase from each of' the pairs have be.en plotted against e.ach 

other in Figures 3 through 8. A line of slope ~ 1 on diagrams of 

this type represents equal partitioning of the cation between the two 

Phases. Although there is some scatter, particularly for iron and 

magnes ium, the major elements are equally partitioned between 

coexisting melilite and i docrase over the full range of solid solution 
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Figure 3. Atom fraction of calcium in coexisting 
melilite and idocrase from 16 samples 
of skarn. Dotted line represents equal 
partitioning of calcium between the two 
phases. 
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Figure 4• Atom fraction of silicon in coexisting 
melilite and idocrase from 16 samples · 
of skarn. Dotted line represents equal 
partitioning of silicon between the two 
phases. 
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Figure 5· Atom fraction of aluminum in coexisting 
melilite and idocrase from 16 samples 
of skarn. Dotted line represents equal 
partitioning of aluminum between the two 
phases. 
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Figure 6. Atom fraction of iron in coexisting 
melilite and idocrase from 16 samples 
of skarn. Dotted line represents equal 
partitioning of iron between the two 
phases. 
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Figure 7• Atom fraction of magnesium in coexisting 
melilite and idocrase from 16 samples of 
skarn. Dotted line represents equal 
partitioning of magnesium between the 
two phases. 
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Figure 8. Atom fraction of sodium in coexisting 
melilite and idocrase from 16 samples 
of skarn. Dotted line represents equal 
partitioning of sodium between the two 
phases. 
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represented. This clearly shows that the reaction leading to 

pseudomorphic replacement of melilite by idocrase involves an 

essentially isochemical hydration. 

Reconniassance hydrothermal experiments outlining the pressure

temperature stability fields of melilite (Christie, 1961) and idocrase 

(Ito and Arem, 1970) confirm the possibility of producing idocrase by 

the hydr~tion of melilite. Christie (1961, p. 257-58) found that 

melilite ranging in composition from AK
70

GE
30 

to OE100 formed a 

mixture of idocrase and hydrogarnet when heated with water to 

temperatures of 450 to 600°C at pressures of 4.8 to 6.7 kilobars. 

Using gels corresponding in composition to possible formulae of 

stoichiometric idocrase, Ito and Arem (1970, p. 884-87) established 

aP-T boundary separating the field of stability of idocrase from 

that of melilite + H2o. The P-T coordinates of the dehydration 

reaction are sensitive to gel composition, and range from 600 to 

700°C over the pressure interval 500 to 2500 bars. The presence of 

minor amounts of wollastonite and monticellite with melilite in the 

dehydration products of the gels of idocrase composition probably 

results from the fact that the compositions chosen have ratios of 

Si:Al: Mg that do not fit the stoichiometry of melilite. Ito and Arem 

(1970, p. 885) produced idocrase by heating synthetic melilite with 

water within the idocrase field of their P-T diagram. Their 

experiments did not confirm the presence of hydrogarnet as a hydration 

product of melilite. 

The following model, based on field, petrographic and chemical 

evidence presented above, is proposed for the progressive development 
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of idocrase skarn by isochemical hydration of melilite. Flow of an 

aqueous fluid along fractures in meli·li te skarn results in hydration 

of melilite adjacent to the fracture. Because a zone of idocrase 

skarn always separates melilite skarn from pyroxenite, the fluid 

was probably magmatic ' in origin. Diffusion of water down the chemical 

potential gradient established across the idocrase zone and reaction 

with melilite at the zone boundary cause the zone to grow outward, 

perpendicular to the fracture. The idocrase zone will continue to 

widen so long as melilite is available and fluid is flowing in the 

fracture. Sodium diffusing into the fracture, is carried away by 

the flowing fluid. Complete replacement of melili te skarn by 

idocrase results from the coalescence of idocrase veinlets developed 

along a network of intersecting fractures. The faithful preservation 

of the external habit and internal cleavage of melili te by idocrase 

and the lack of disruption of the original skarn fabric indicates 

that pseudomorphism took place without a change in volume. 

Calc-silicate Phases 

Solid phases from the system CaO-Si02-eo2 found in the skarn 

are: 

WOLLASTONITE CaSi03 

RANKINITE ca
3
si2o

7 

KILCHOANITE ca
3
si

2
o

7 

LARNITE Ca
2
Si0 

4 

SPURRITE ca
5
si

2
o8co

3 

TILLEYITE ca
5
si

2
o

7
(co

3
) 2 

CALCITE Caco
3 
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One or two of these minerals are present in all melilite or 

idocrase skarn assemblages. The stoichiometric calc-silicate phase 

or phases present in such an assemblage reflect the ratio of CaO to 

Si02 in excess over that combined with Al
2
o

3
, MgO and FeO to form 

melilite. In this sense, they reflect the relative silica saturation 

of the assemblage. Each mineralogic zone in the skarn is characterized 

by the presence of one of the calc-silicate phases. The sequence of 

mineral zones across skarn from pyroxenite to marble, both at the 

main contact and in the large xenoliths, is 'wollastonite, rankirtite, 

spurrite, calcite. 

Electron microprobe analyses of calc-silicate phases from skarn 

are listed in Table C-3. Each of the analyzed calc-silicate minerals 

from the skarn closely approaches the ideal stoichiometric composition 

of the pure phase. Although iron is a minor constituent of wollastonite 

and rankinite and sodium occurs in larnite and spurrite, in no case 

does the sum of the impurities exceed one mole percent. Wollastonite 

from pyroxenite (analysis 1) contains 2.5 mole percent impurities. 

Two polymorphs of ca
3
si 2o7, rankinite and kilchoanite, are 

found in the skarn, but rankinite is the main rock-forming mineral 

of this composition. Aggregates of kilchoanite occur as monomineralic 

patches and veinlets in rankinite-melilite skarn, where it appears to 

post-date the main assemblage. Individual kilchoanite grains have 

very irregular, serrated boundaries. Kilchoanite from the Christmas 

Mountains is similar in habit ,and optical properties to that from 

the t,ype locality described by Agrell (Agrell and Gay, 1961; Agrell, 

1965). It is distinguished from rankinite by its extreme dispersion 
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(r;> v), which causes most sections to extinguish ultra-blue or ultra-

brown, and by its dusty appearance in plane light. Electron 

microprobe analyses of rankinite and kilchoanite from section 

CM-8-3 (analyses 3 and 4, Table C-3) confirm their compositional 

identity, even to the extent that minor elements are partitioned 

equally between them. 

Although tilleyite forms the outer zone in contact with marble 

in the calc-silicate nodules in the contact aureole, spurrite coexists 

with calcite in skarn at the marble contact. Tilleyite has been found 

with spurrite in skarn at only one locality along the gabbro contact. 

At this locality, "veins" of tilleyite with minor amounts of idocrase, 

Ti-Zr garnet and magnetite cut idocrase skarn. The veins originate 

in the tilleyite zone in con:act with marble but are developed only 

along fractures in skarn. The lack of appropriate mineral assemblages 

and textures rule out a magmatic origin for the veins (Wyllie and Haas, 

1966). The presence of tilleyite rather than spurrite and the fact 

that idocrase is pseudomorphous after euhedral melilite suggest that 

the veins developed from a carbon dioxide-rich fluid flowing along 

the fractures. 

Calcium-t<tagnesium Orthosilicates 

Four minerals on the orthosilicate join in the system CaO-MgO-

Fe0-Si0
2 

are found in the skarn. They are: 

LARNITE Ca2Si04 

PHASE "T" Cal.75(Mg,Fe)0.25Si04 

MERWINITE ca1 • 50 ( 1\tg, Fe) O. 50siO 4 

MONTICELLITE Ca(Mg,Fe)Si04 
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Of the four, only merwinite has been found at more than one 

locality. Electron microprobe analyses of monticellite, merwinite 

and "T" are listed in Table C-4. All three phases show significant 

solid solution of iron. As is true of the larnite with which it 

coexists, phase "T" has a small, but significant content of sodium. 

This is the first reported natural occurrence of phase "T". It 

occurs in two assemblages, 

SPURRITE + LARNITE + "T" + MELILITE + PEROVSKITE + MAGNETITE 

RANXINITE + LARNITE + "T" + MELILITE + PEROVSKITE + MAGNETITE 

Phase "T'' was first synthesized by Gutt (1961, 1965) in a phase 

equilibrium study of the join Ca
2
Si0

4
-ca

3
MgSi 2o8 • Further work by 

Schlaudt and Roy (1966) showed that the assemblage Ca SiO + "T" is 2 4 
stable relative to Ca

2
Si0

4 
+ merwinite between 979 and 1381°C at 

one atmosphere pressure. Phase "T" is colorless in plane light, 

shows no twinning or cleavage and has 2V(+) = 30°. 

Titanian-Zirconian Garnet 

Titanian-zirconian andradite garnet that is yellow to yellow-

brown in thin section, is a minor but characteristic phase of nearly 

all assemblages of the skarn. It is always anhedral and commonly is 

interstitial to melilite. In some cases, numerous individual grains 

of garnet are concentrated to form what appear to be large, spongy 

porphyroblasts in which the volume percentage of melilite "inclusions" 

excee1s that of the host garnet (Plate 4, Figure 1). In section 

C:o!-10 3-6A from the rim of a large skarn xenolith, garnets with deep 

Purple cores are rimmed by yellow-brown or very pale pink garnet 

(Plate 4, Figure 2). Poikiloblastic inclusions of perovskite crowd 



196 

Plate 4· Titanian-Zirconian garnet from skarn 

Figure 1. Poikiloblastic garnet in 
wollastonite-melilite skarn, 
sample CM-103-6B. Plane 
light, field 2.3 x 3.0 mm. 

Figure 2. Zoned garnet with honey
yellow rim and deep purple 
core, sample CM-103-6A. 
Analyses of similar garnet 
from this sample are given 
in Table 2. Plane light, 
field 0.58 x 0.85 mm. 
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the rims of these garnets, but do not occur in their cores. Garnets 

from the small skarn xenoliths in pyroxenite and from skarn within 1 

em of the pyroxenite contact are colorless to very-pale pink grossular

andradite solid solutions. 

Electron microprobe analyses of garnets from skarn are listed 

in Table C-5· Because concentrations of Si, Ti and Zr are highly 

variable, both within single grains and from grain to grain within a 

single thin section, the values tabulated represent the single 

point analysis which gave the median value for the formula proportion 

of silicon of all points analyzed in that section. The range of 

variation of the formula proportions of Si, Ti and Zr and the number 

of spot ~~alyses are also listed. Variations in the proportions of 

other cations are small and no consistent pattern of zonation in Si, 

Ti and Zr was found. Total iron was corrected as ferric iron in the 

computation of oxide concentrations from X-ray intensities by inserting 

the difference between the oxide summation and 1.0 as excess oxygen 

in each iteration (Bence and Albee, 1968, p. 393). The mineral 

formulae are based on a cation sum equal to 8.0. The oxygen content 

computed to balance the electrostatic charge of the cations ranges 

from 11.96 to 12.20 oxygen atoms per formula unit of 8.0 metal atoms. 

The small excess of oxygen over the required 12.0 per formula unit 

shows that the assumption that the bulk of the iron is trivalent and 

that titanium is tetravalent is essentially correct. 

Analyzed garnets that are colorless to pale pink are grossular

andradite solid solutions in which aluminum and iron vary antithetically., 

The yellow-brown garnets that are characteristic of the skarn are 



199 

titanian and titanian-zirconian andradites in which Ti, Zr and Si vary 

over a broad range. Ca, Mg, Al and Fe show relatively little 

variation. Because titanium and zirconium appear to be negatively 

correlated with silicon, the formula proportions of Ti, Zr and Ti + 

zr have been plotted against the silicon deficiency, defined as 3.0-

formula proportion Si, in order to systematize the nature of the solid 

solution (Figures 9, 10 and 11). The linear relationships between the 

formula proportions of Ti, Zr and especially Ti + Zr and the silicon 

deficiency suggest that titanium and zirconium chemically substitute 

for silicon. 

The crystal chemistry of titanian and zirconian andradite has 

been the subject of a great deal of discussion. Although the .valence 

and site occupancy for most cations which substitute in the garnet 

structure are well known (Geller, 1967), those of titanium and 

zirconium are not well understood. The structural formula of garnet 

may be written: 
VIII VI IV 

(X) 3 (Y) 2 (z) 3 012 

where the Roman superscripts refer to the oxygen coordination 

number for the cations on each site. The tetrahedral (z) site is 

completely occupied by silicon in most garnets, however titanium-rich 

garnets always contain fewer than 3.0 atoms of silicon per formula 

unit. The central question is that of whether titanium and 

zirconium structurally substitute for silicon on the tetrahedral site 

or for ferric iron on the octahedral (Y) site, with ferric iron 

filling the silicon deficiency on the Z site. That is, should the 

structural formula of titanian andradite be written 
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Figure 9· Formula proportion of titanium plotted against 
the tetrahedral silicon deficiency in garnet from 
skarn. Based on 196 point analyses of garnet 
from 28 samples of skarn. 
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Figure 10. Formula proportion of zirconium plotted against 
the tetrahedral silicon deficiency in garnet 
from skarn. Based on 196 point analyses of 
garnet from 28 samples of skarn. 



0
: 

N
 z Q
 ... 0
: 

0 a.
 

0 0
: a.
 

ct
 

..J
 

::J
 

:1
 

0
: 

0 l&
. 

2
.0

 

1.8
 t 

1.
2 

0
.8

 

0
.4

 

G
A

R
N

E
T

 F
R

O
M

 S
K

A
R

N
 ,

C
H

R
IS

T
M

A
S

 M
O

U
N

T
A

IN
S

, T
E

X
A

S
 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 

• 
• 

• 
• 

• 

• 
• 

• 
• 

• 

•••
 

• 
••

• 
• 

••
• 

.. . 
.. 

.. 
. 

. ...
 .. 

. 
• 

• 
• •

•• 
• ••

•• 
• •

• .. . . ... • 
••

• 
•• 

• • 

• . ... • 

• 
• 

• 
• 

••
••

 

• 

•
•
 

I 
• 

•
•
 

•
•
•
•
 

I 
I 

I 
0 

•
H

u
u

H
+

t
•
H

+
t
n

H
•
n

t
•
t
u

u
u

u
u

•
n

t
•
t
•
H

•
I.
I
I
I
I
I
I
I
I
I
•
I
I
 I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
U

I
I
I
I
I
 

I 
I 

0 
0

.4
 

0
.8

 
I. 

2 
1.

6 
-

2
.0

 

3
.0

-F
O

R
M

U
L

A
 

P
R

O
P

O
R

TI
O

N
 

S
 I 

.-~
·

· 

1
\)

 

0 \.
_.

.)
 



204 

Figure 11. Formula proportions of zirconium and titanium 
plotted against the tetrahedral silicon 
deficiency in garnet from skarn. Based on 
196 point analyses of garnet from 28 samples 
of skarn. 
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VI IV 
ca

3
Fe 2 (Ti 2Si) 012 

or 
VI IV 

ca
3
Ti 2 (Fe2Si) o

12 
? 

The approaches to the solution to this problem have taken many forms, 

which include (1) establishment of a systematic negative correlation 

between cations in solid solutions covering a wide range of composition 

(Isaacs, 1968; Howie and Woolley, 1968; Gomes, 1969; Dowty, 1971), 

(2) optical absorption measurements in the visible and infra-red to 
I 

characterize possible electronictransitions (Manning, 1967; Howie 

and Woolley, 1968; Manning and Harris, 1970; Moore and Whi~e, 1971; 

Dowty, 1971), (3) Mossbauer spectroscopy to determine site occupancy 

and oxidation state (Burns and Burns, 1971; Dowty, 1971), (4) X-ray 

single crystal structure refinement of chemically analyzed garnets 

to determine site occupancy (Dowty and Appleman, 1970) and mineral 

synthesis to determine the extent of miscibility of titanium and 

zirconium in silicate garnet (Ito and Frondel, 1967; Huckeriholz, 

1969). The reader is referred to Dowty (1971) for a critical review 

of the problem. Although equivocal, optical absorption and MOssbauer 

spectra suggest that part of the silicon deficiency is balanced by 

tetrahedrally coordinated ferric and ferrous iron (Moore and White, 

1971; Burne and Burns, 1971; Dowty, 1971). In nearly all such cases, 

there is sufficient aluminum to fill the Z position, but the spectral 

measurements do not rule out the possibility that some of the 

titanium may occupy the tetrahedral site. Unsuccessful attempts to 

synthesize silicate garnets with more than two atoms of Ti per formula 
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unit (Ito and Frondel, 1967; Huckenholz, 1969) suggest that Ti is 

restricted to the octahedral site. It is possible, however, that 

up to 2 atoms of Ti may substitute for Si on Z but that the distortion 

caused by the entry of the large Ti atoms into the tetrahedral site 

disrupts the garnet structure at concentrations greater than this. 

The plot of the formula proportion of Ti + Zr against the silicon 

deficiency (Figure 11) shows that Ti + Zr just balance the silicon 

deficiency with a consistent excess of 0.1 to 0.2 atoms per formula 

~~it. The negative correlation between titanium and silicon in garnet 
' 

has been cited as evidence that titanium occupies the tetrahedral 

site in the structure (Howie and h'oolley, 1968; Gomes, 1969). 

Ho•·rever, as emphasized by Dowty (1971, p. 1988), such a negative 

correlation between Ti + Zr and Si in no way proves that titanium 

~~d zirconium substitute structurally for silicon. It is merely 

a ·consequence of the fact that the number of cations in the garnet 

formula must total to a constant sum. With this in mind, it is 

possible to gain some insight .into possible site occupancy of the 

analyzed garnets from the relationships between titanium, zirconium and 

silicon. 

A simple approach to the prediction of site occupancy is to 

consider the relative ionic sizes expressed as the ratio of the 

0 
ca.tion r adius (Rc) to the r adius of divalent oxygen (Ro = 1.40 A). 

If the ions are treated as hard spheres, the r adius r atio 

(Rc/Ro) determines the type of cation-oxygen coordination polyhedron 

that is likely to be formed. A tetrahedron is predicted for 
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0.22 <Rc/Ro < 0.41 

and an octahedron is predicted for 

0.41< Rc/Ro <0.73. 

As is shown on Figure 9, titanium balances the silicon deficiency 

only up to 0.8 atoms per formula unit. Thus for a silicon deficiency 

of 0.8 or less, .there is sufficient Ti 4+ (Rc/Ro = 0.49) to substitute 

for Si 4+ (Rc/Ro = 0.30) on the tetrahedral site. However, Al 3+ 

(Rc/Ro = 0.36) and Fe }+ (Rc/Ro = 0.46) may also enter the Z position. 

Substitution of either Al 3+, Fe }+ or Ti 4+ for Si 4+ requires a 

large distortion of the oxygen tetrahedron. It would seem reasonable, 

from a geometric point of view, to fill the tetrahedral site with the 

smallest available cations. Zr 4+ (Rc/Ro 2 0.57) is probably too 

large to be stable in tetrahedral coordination with oxygen. Thus, 

where the silicon deficiency is greater than 0.8, Al 3+ and/or Fe }+ 

must occupy the tetrahedral site. Ti 4+ may occupy the Z position 

up to 0.8 atoms per formula unit, but since all analyzed garnets 

have Al + Fe in excessof the amount needed to balance the silicon 

deficiency, it is argued on geometrical grounds that Al 3+ and Fe 3+ 

rather than Ti 4+ occupy the tetrahedral site. Ti 4+ and Zr 4+ 

would then be octahedrally coordinated with oxygen. The ideal 

structural formula that describes garnets from the skarn is 

The consistent close approach to 12.0 of the number of oxygen 

atoms needed to balance the electrostatic charge of 8.0 cations in 

the garnet formula justifies the assumption that all iron is 
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trivalent and all titanium is tetravalent. However, formulae 

computed from spot analyses of the deep purple cores of yellow-brown 

garnets from wollastonite-idocrase skarn (CM-l03-6A) from the large 

xenolith consistently show an oxygen excess, implying that some of 

the iron and/or titanium is in a lower oxidation state than that 

assumed (Table 2). The oxygen excess results from an excess of 

tetravalent cations and a corresponding deficiency of trivalent and 

divalent cations. Comparison of analyses l and 2 in Table 2, 

representing a purple core and its corresponding yellow rim, shows 

no significant differences in composition. This compositional 

similarity between core and rim along with the oxygen excess in the 

core suggests that the purple color of the core may be due to mixed 

oxidation states of titanium and/or iron. Optical absorption spectra 

of pink titanian andradite· from San Beneito County, California 

(Manning and Harris, 1970; Dowty, 1971) suggest that some of the 

octahedrally coordinated titanium is trivalent. Isaacs (1968) 

measured a large reducing capacity for garnet from San Beneito County 

which was attributed to the presence of essentially all of the 

titanium in the trivalent state. Charge balance calculations for 

the purple garnet cores from the skarn allow 25 percent of the 

titanium to be assigned as trivalent. This assignment also results 

in there being 3 divalent, 2 trivalent and 3 tetravalent cations per 

fonnula unit. 

Perovskite and Magnetite 

Perovskite and magnetite, like garnet, are characteristic but 

minor phaoes of the skarn. Perovskite occurs ae minute purple 
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TABLE 2 

ELECTRON MICROPROBE ANALYSES OF GARNET FROM SKARN CM-103-6A 

I -
FORMULA PROPORTIONS BASED ON CATION SUM - 8.0 

PURPLE CORE YELLOW RIM 

Si 4+ 2.29] 2.29] 2.33] 2.33] 
Zr 4+ 0.01 3.25 0.01 3.03 0.02 3.12 0.02 3.02 
Ti 4+ 0.95 0.73 0.77 0.67 
Ti 3+ 0.22 J 0.10] . 
Al 3+ 0

1
.,6
2
o
2
J1 •82 0,60 1.96 0.46]1.85 0.46 1.95 

Fe 3+ 1.14 1.39 1.39 

Fe 2+ 0.08] 
r.m 2+ 0.02] 0.02 3 00 0.01] 0.01] 
Mg 2+ 0.04 2.9 2 0.04 . I 0.05 3·04 0.05 3.04 
Ca 2+ 2.86 2.86 2.98 2.98 
Oxygen 12.15 12.00 12.05 12.00 
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octahedra in assemblages with rankinite, spurrite or calcite. Where 

it coexists with ,wollastonite, perovskite forms anhedral, drop-like 

grains. Large, subhedral, polysynthetically-twinned grains of 

perovskite occur with spurrite. Electron microprobe analyses of 

perovskite show it to be of fairly uniform composition in all 

assemblages and thattts composition closely approaches that of the 

ideal formula, CaTi03• Two representative analyses are listed in 

Table C-6. 

Magn_eti te occurs as anhedral grains, that commonly are 

interstitial to melilite. It is optically homogeneous and shows 

no evidence of exsolution of ulvospinel or oxidation to ilmenite. 

Although a systematic electron microprobe study of the magnetite in 

skarn was not done, reconnaissence analyses show that it contains 

between 1 and 8 mole percent of the ulvospinel end-member. The low 

titanium content of the magnetites in skarn which coexist with perovskite 

are in sharp contrast to those of magnetite in gabbro which coexist 

with ilmenite and contain 10 to 60 mole percent ulvospinel. There 

appear to be systematic compositional differences between magnetite 

from the main contact and that from the xenolith. That from the 

main contact is enriched in titanium whereas that from the xenolith 

is enriched in magnesium. Representative magnetite analyses are 

listed in Table C-6. 
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!.UHERAL ASSEMBLAGES 

!.fineral assemblages in zoned skarn from the main contact traverse 

and xenolith traverse are listed in Tables 3 and 4. To a first 

approximation, the mineralogy of the skarn may be described by solid 

nhases in the system Ca0-Fe0-Mg0-Al2o
3
-sio2-co

2
• The ubiquitous acces

sory minerals garnet, perovskite and magnetite rarely exceed 3 volume 

percent. Ferrous iron and magnesium may be combined as a single compo-

nent for the purpose of graphical portrayal of the 6 component system 

on a tet:r-a.~edron without loss of generality because in most rocks, 

melili te is the only phase in \<rhich these components occur. In those 

assemblages in which melilite coexists l•rith merl.zinite, monticellite or 

phase "T", no crossing tie-line relationships arise that are attribut-
I 

able to this simplification. , • 

All mineral assemblages from the two traverses (with the exception 

of CN-108, assemblages 10 and 14, discussed below) are plotted on Figure 

12 on l-rhich the composition of melilite has been projected from Al onto 

the Ca-(Fe+r.!g)-Si face of the simplified skarn tetrahedron. Tie-lines 

joining phases on the face of the tetrahedron l>Ti th melilite are shown 

vani~hing to a point to aid in visualization of the three possible 

four-phase volumes involving melilite, merl-rinite and two adjacent 

phases on the Ca-Si join. Phases joined by tie-lines represent 

assemblages compatible over a range of P, T and uCO • The lack of 
2 

cronGing tie-lines cruggests that the assumptions used in the construe-

tion of the diagram n.re rec:u30nable and that to the extent that the 
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TABLE 3 

MINERAL ASSEMBLAGES IN SKARN 
MAIN CONTACT WITH SUE PEAKS FORMATION 

Distance From 
Pyroxenite ( C~1 ) 0-4 4-15 15-25 25-42 42-74 74-140 

CALCITE X X 

SPURRITE X X X 

RANKINITE X 

ivOLLASTONITE X X X 

~lERHINITE X 

ItrE;LILITE X X X X X 

I DOC RASE X X 

TI-ZR GARNET X X X X X X X 

PEROVSKITE X X X X X X 

MAGNETITE X X X X X X X 



Distance From 
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TABLE 4 

MINERAL ASSEMBLAGES IN SKARN 
XENOLITH OF SANTA ELENA LIMESTONE 

Pyroxenite (CM) 0-5 5-55 55-75 

CALCITE 
SPURRITE X 

RANKINITE X 

rlOLLASTONITE X X 

!•ZLILITE X X 

I DOC RASE X 

TI-ZR GARNET X X X 

PEROVSKITE X X X 

!l'tltGIIETITE X X X 

75-90 

X 

X 

X 

X 

X 

X 
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Figure 12. Perspective view of the simplified 
skarn tetrahedron Ca-(Fe+Mg)-Al-Si 
viewed normal to the Ca-(Fe+Mg)-Si 
face, showing two and three-phase 
assemblages in skarn. Phases joined 
by dashed tie-lines have not been 
found in coexistence. The absence of 
4-phase assemblages indicates the 
skarn compositions lie on planes and 
joins within the tetrahedron. 
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bulk compositional range of the skarn is sensitive to changes in P, T 

and uCO , conditions of metamorphism Here the same both in the xenolith 
2 

nnd at the main contact. Within a skarn band, different mineral 

assemblages result from metamorphism of different bulk compositions. 

The mineral assemblage of each skarn zone is compatible with the 

assemblages at each of its contacts, while the assemblages bounding it 

on either side are incompatible. Thus, each point along a traverse 

across the skarn may be treated as a local equilibrium system. The 

establishment of local equilibrium at each point along the gradient in 

bulk composition across a skarn band produced a series of mineral zones 

analogous to those involving stoichiometric phases in the zoned calc-

silicate nodules. The main difference between the zoned nodules and the 

zoned skarn .: is the presence in the latter of phases capable of exten-

sive solid solution in addition to the stoichiometric calc-silicate 

minerals. 

Each monomineralic zone in the calc-silicate nodules represents a 

"special" bulk composition in the system CaO-Si02-co2, in that it 

consisto of fewer than the maximum number of solid phases that may co-

exint in equilibrium '1-Tith C02• Similarly, the mineral assemblages of 

the clr.arn represent "opecial" bulk compositions within the simplified 

skarn system CaO-(FeO+l·!g0)-Al20
3
-sio2• Although a general composition 

Hithin the simplified skarn tetrahedron is represented by a four-phase 

anncmblage, skarn assemblages consist of either t'l'ro or three phases 

in the oimple oystem. .Mcrwinite ho.s not been found with either 
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rankinite or wollastonite and, although it occurs in rocks with calcite 

and melilite, merwinite and spurrite have not been observed to be in 

mutual contact. Merwinite commonly occurs as drop-like inclusions in 

melilit~ which, in turn, is in contact with either calcite or spurrite. 

The presence of two- and three-phase assemblages requires that the 

bulk composition of the skarn be confined to joins and planes within 

the simple skarn tetrahedron. The sequence of mineral zones developed 

in skarn along a traverse from marble to pyroxenite i~ · encountered 

within the tetrahedron along a line joining calcite with the 

wollastonie-melilite join and lying within the plane calcite-

wollastonite-melilite. The bulk composition leaves this plane only 

within the volume calcite-spurrite-melilite-merwinite. 

Bulk chemical compositions of individual samples of skarn were 

determined by electron microprobe analysis of glass discs made by 

fusing equal parts by weight of pulverized skarn and lithium 

0 
tetraborate at 1000 C in carbon crucibles in an electric muffle 

furnace. The analyses are listed in Table C-7· To test the inferred 

relationship between rock composition and mineral assemblage, the 

analytical results, recast as atom fraction of cations, have been 

plotted on the Ca-Si-(Fe+Mg) and Ca-si-Al faces of the simplified 

skarn tetrahedron (Figures 13 and 14). The calc-silicate phases 

are joined by tie-lines with a point representing the mean 

composition of melilite determined for the traverse. 

For skarn from both the main contact and the xenolith, the bulk 

compositions of rocks with two-phase assemblages in the simple . system 

plot on or close to the appropriate two-phase joins. The bulk compoei-
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-Figure 13. Bulk composition of skarn samples from main contact 
traverse projected onto Ca-(Fe+Mg)-Si and Ca-Al-Si 
faces of the simplified skarn tetrahedron. Projected 
composition of melilite is average for traverse. 
Mineral assemblage symbols as on Figure 1. 
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Figure 14. Eulk composition of skarn sampl,es from xenolith 
traverse projected onto Ca-(Fe+Mg)-Si and 
Ca-Al-Si faces of the simplified skarn 
tetr~~edron. Projected composition of melilite 
is average for traverse. ~1ineral assemblage 
symbols as on Figure 1. 

l 
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tions of rocks with three-phase assemblages generally plot within the 

appropriate three-phase triangle but, \'Ti th the exception of those with 

the assemblage calcite+spurrite+mellite, they plot close to one of the 

bounding hro-phase joins \'lith melili te. The striking feature of the 

~istribution of skarn compositions "dthin the tetrahedron is that 

rather than sho\'ring a continuous variation of bulk composition across 

the adjoining three-phase triangles, the compositions of the skarns are 

grouped along the two-phase joins with melilite . 

An ,understanding of the genesis of the series of "special" compo

sitions recorded by the zoned skarn may be approached along the same 

lines as those of the model developed to illustrate the growth of the 

zoned ·calc-silicate nodules from the contact aureole. The restriction 

of skarn compositions to joins and planes within the simple skarn 

tetrahedron suggests that the growth of a skarn zone is initiated by 

reaction between incompatible phases \-Tith diffusion down the resulting 

chemical potential gradients causing the zone to widen. To test the 

applicability of the reaction-diffusion model, the initial configura

tion of react~~ts and the specific sequence of mineral reactions which 

lead to the observed assemblages must be determined. First, however, 

the local equilibrium hypothesis requires further testing. 

C01>1POSITIONAL GRADIENTS 

The assumption of local equilibrium on "'hich the growth model is 

based, requires that the gradients of the chemical potentials of all 

transported opecies be continuous f rom point to point across the series 

of okarn zones. The compatibility of mineral assemblages of adjacent 

zonen io a necc::mary condition for local equilibrium. However, becauoe 

, 
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solid solutions are involved in all of the assemblages, continuity cf 

the gradients of the chemical potentials requires that the gradients in 

the composition of the solid solutions be continuous. The only compo

sitional discontinuities consistent with continuity in the gradient of 

the chemical potentials are those resulting from miscibility gaps in 

the phases. Neither melilite nor garnet have miscibility gaps in the 

range of composition recorded in the skarn. 

Nelilite 

The composition of melilite, recast as formula proportion of 

cations, is plotted as a function of distance from the pyroxenite 

contact for the main contact traverse on Figure 15 and for the xenolith 

traverse ori Figure 16. Hhere pseudomorphism of melilite by idocrase 

is complete in l-rollastoni te skarn, the composition of idocrase l·Tas 

plotted. Although the samples may not be sufficiently closely spaced, 

there do not appear to be any discontinuities in the composition of 

melilite either within the calc-silicate zones or at zone boundaries. 

The gradients of Si and Al in melilites from the xenolith cross 

bet'\'reen the spurrite and spurrite-calcite zones, but Si and Al contents 

of melilite coexisting with calcite + spurrite are similar both in the 

xenolith and at the main contact, suggesting that they may be controlled 

by the calc-silicate assemblage of the marble. The reversal in slope 

of the z,!g gradient across the same contact in the xenolith may reflect 

the same control. Melili te and idocrase in the wollastonite zone from 

both traverses show a sharp increase in Si and a complementary decrease 

in Al ao the pyroxenite contact is approached. Although this appears 

to require diocontinuities in the gradients of Si and Al along the main 
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Figure 15. Formula proportion of major cations in melilite 
from skarn of the main contact traverse plotted 
as a function of position in skarn relative to 
contact with pyroxenite. Points at 2.5 and 5 em 
are idocrase, pseudomorphous after melilite, in 
wollastonite skarn. The contact between skarn 
and marble is at 74 em. Mineral assemblage 
symbols as in Figure 1. 
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Figure 16. Formula proportion of major cations in melilite 
from skarn of the .xenolith traverse plotted as 
a function of position in skarn relative to 
contact with pyroxenite. Point at 2.5 em is 
idocrase, pseudomorphous after melilite, in 
wollastonite skarn. The contact between skarn 
and marble is at 86 em. Mineral assemblage 
symbols as in Figure 1. 
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· contact traverse, the gradient is smooth in the xenolith. The Si and 

Al contents of idocrase from within 2 em of the pyroxenite on both 

traverses are essentially the same . 

· The compositions of idocrase at the contact with pyroxenite are 

similar both in the xenolith and at the main contact, as are the compo-

sitions of melilite at the contact \-lith marble, but compositional vari-
. 

ation within the skarn is morkedly different along the two traverses. 

These differences are readily apparent on a triangular plot of atomic 

Al-Fe-Hg (Figure 17). At the main contact, the ratio Fe/(Fe+Ng) in 

melilite decreases along the traverse from pyroxenite to marble, while 

the ratio Al/(Al+Si) sho\-TS a small but steady decrease. In the xenolith, 

the r atio Al/(Al+Si) shm-1s a strong steady increase at constant Fe/(Fe+ 

!•ig) from the Hollastoni te zone to the calcite-spurrite zone, Hhere the 

ratio decreases vrhile Fe/(Fe+l•Ig) decreases. Compositions of melilite 

from skarn derived from Santa Elena Limestone, both at the intrusive 

contact and in xenoliths plot on the trend established for the xenol{th, 

'fthile melili te from impure beds of Sue Peaks Limestone ;; metamorphosed by 

the intrusion plot on the main contact trend. This suggests that 

diff erences in gradients of melilite composition across the skarn are 

controlled by the composition of the host limestone. Along both 

travcrnco , ho'frcver, the gradients of the composition of melilite nppeo.r 

to be continuouo. 

Garnet 

Although it io not volumetrically important, variation in tho 

componition of garnet Hith position in the olcarn io of interest beonuoe 
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Figure 17. Molecular proportion of aluminum, magnesium and 
iron in melilite from skarn. Arrows outline 
trend of composition with position in skarn. 
Mineral assemblage symbols as in Figure 1. 
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it is a solid solution involving silicon, hence it m~ serve as an 

index of the chemical potential of Si02 • The composition of garnet, 

recast as formula proportion of cations,ie plot~ed as a function of 

cist~~ce from the pyroxenite contact for the main contact traverse on 

Figure 18 and for the xenolith traverse on Figure 19. Calcium and 

magnesium shoH no significant variation and were not plotted. The 

main feature of these plots is the striking decrease in silicon content 

of the garnets from a maximum in the wollastonite zone of the skarn to 

a minimun in the calcite-spurrite marble. The details of the variation 

in silicon in garnet across the main contact traverse are balanced by 

corresponding increases in the zirconium content. A similar antithetic 

relationship exists betY~een silicon and titanium in garnets from the 

xenolith. Hithin the \'lollastonite zone, the titanium content of the 

garnet initially decreases along the xenolith traverse l-Thereas it in

creases along the main contact traverse. In both cases, variation in 

tit~~ium is opposite in direction to that of silicon. The antithetic 

variation betHeen aluminum and iron within the \'lollastoni te zones of 

both traverses corresponds to an increase in the ratio of andradite to 

grossular components in the garnets '1-Tith increasing distance from the 

pyroxenite. 

As \-Ta::J the case for similar plots for melilite, the spacing of 

Ramplcs makeo it difficult to test for the existence of discontinuities 

in the gradient compositions at zone boundaries in the skarn. Variations 

in the proportiono of Al and Fe appear to follow smooth curves but the 



233 

Figure 18. Formula proportion .of major cations 
in garnet from skarn of the main 
contact traverse plotted as a 
function of position in skarn relative 
to the contact with pyroxenite. The 
contact bet~~en skarn and marble is at 
74 em. ~uneral assemblage symbols as 
in Figure 1. 
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Figure 19. Formula proportion of major cations 
in garnet from skarn of the xenolith 
traverse plotted as a function of 
position in skarn relative to the 
contact with pyroxenite. The contact 
between skarn and marble is at 86 em. 
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possibility of discontinuities in the gradients of Si, Ti and Zr ca~~ot 

be ruled out on the basis of the meciian values plotted . Cat ion propor

tions of Si, 1ri and Zr vary over Hide r anges v-rithin ga.rnets from a 

single thin section. Because these r <:mges overlap for adj acent camples , 

i t is considered unlikely that discontinuities in t he gradients of these 

cations are present. 

The question naturally arises as to the c~use of the antithetic 

relation behreen Si a..~d Ti + Zr in garnet and of the relat ionship 

betHeen garnet composition and that of the bulk rock. Do high concen

trat i ons of titanium and zirconium in garnet reflect high concentra

tio!'ls of these elements in the bulk rock or does the chemica l potentia l 

of silica, a s determined by the ca lc-silicate assemblage , control the 

si licon content of garnet Hith titanium and/or zirconium merely filling 

the silicon deficiency? 

To test the hypothesis that the zirconium content of garnet re

flects that of the bulk r ock and to cietermine the source of the 

zirconium, semiquant i t ative est i mates of the concentration of z irconium 

in limestone , sk<:.rn , pyroxenite , g<:.bbro and syenit e m~re cietermined 

by opt ical emi ssio:.1 s pectros copy (Table C-8 ). Conce;-ttr ations of 

zirconium in go.r:r.et and skarn from the mai n cont act traverse &.re 

plotted against distance from t he pyroxenite contact in Fi gLrre 20 . 

Although the bulk skarn dat a are characterized by a great <lea l of 

scatter , t hey do sh01·1 an overall decr ea ce from v.bout 270 ppm Zr Hi thin 

J.O c~;1 of the pyroxeni t e t o ab<:>ut 60 ppm Zr in c 2.lci te- spurrite mCJ.rble. 

Zr02 in gill'net sho~-1 ::: a st e;:-.dy increase from about 2 to 22 \·Je i ;sht per 

cent acros8 t he sar.1e interv.:;.l. Clea·riy t he zirconium content of garnet 
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Figure 20. Weight percent zro2 in garnet from skarn 
and parts per mill~on zirconium in bulk 
skarn plotted as a function of position 
in skarn, relative to contact with 
pyroxenite for the main contact traverse. 
Contact between skarn and marble is at 
74 em. 
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does not reflect that of the bulk rock. The gradient in Zr across the 

skarn indicates that a signific~~t proportion of the zirconium in the 

skarn was metasomatically introduced from the gabbro. No mineral other 

than garne~ contains significant concentrations of zirconium. To 

balance the high zirconium content of the rock \·ri th the lo.,.t zirconium 

content of the garnet and vice versa, the modal proportion of garnet in 

skarn varies from about ~ volume percent in the wollastonite zone to 

less than 0.1 percent in the calcite-spurrite marble. 

Comparison of the gradient of silicon content of garnet across the 

main contact traverse (Figure 18) \-tith the gradient of silica content 

of the bulk :::;karn along the same traverse (Figure 23) sho.,.rs a close and 

consistent correspondence between the number of atoms of silicon per 

formula unit of garnet and the concentration of silica in the rock in 

which it occurs. A similar relationship holds for the xenolith traverse 

(Pigures 19 and 24). The stoichiometric calc-silicate phases that 

characterize each mineral assemblage also show a consistent relationship 

to the silica content of the skarn. The phase or phases present reflect 

the ratio of CaO to Si02 present in excess over combination \-tith Al2o
3

, 

FeO and i1IgO to form melili te. In the model developed to illustrate the 

gro.,.rth of the zoned calc-silicate nodules it vras shmm that reactions 

bctHeen otoichiometric calc-silicates at zone boundaries buffered the 

chemical potential of silica (u5i
02

) and that these equilibria controlled 

u".O 
>Jl 2 

vrithin rrx:momineralio zones . It is suggested that the calc-silicate 

Phaoco play a oimiln.r role in the skarn. Equilibria controlling uSi0
2 

mi!y be more complex, ho~,o~cver, due to the preacncc of melilito in vrhich 
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aluminum may substitute for silicon by the coupled mechanism AlAl a 

(i•!g,?e)Si. It has been argued above that the composition of melilite 

is controlled by the bulk composition of-the host limestone and magma 

involved in its genesis. 

It is proposed that the gradient of the silicon deficiency in gar-

net across the zoned. skarn reflects the gradient of the chemical poten-

tial of silica as controlled by the _calc-silicate assemblages. Thus 

titanium and _zirconium enter garnet to balance the silicon deficiency 

and to bring the sum of the tetravalent cations to 3.0. The occurrence 

of perovskite in nearly all assemblages with Ti-Zr garnet indicates that 

the local environment was saturated with titanium. The increase in the 

ratio of zirconium to tit~~ium in garnet t~ith decreasing silica content 

of the bulk rock suggests that garnet shows a preference of zirconium 

over titanium at 10\-1 values of uSi0
2 

• 

To test the hypothesis that the silicon deficiency of garnet re-

fleets the chemical , potential of silica in .the assemblage as controlled 

by the coexicting stoichiometric calc-silicate phases, garnet composi-

tions plotted in terms of atomic Ca-Si-(Ti+Zr), joined by tie-lines with 

the coexinting calc-silic.ate minerals, are shO\m on Figures 21 and 22. 

If the silicon deficiency of garnet is a function u3i
02

, t~hich is 

controlled only by the stoichiometric calc-silicate phases in the 

anscmblD.ge, its value should be fixed in asnemblages l-lith two calc-silicate 

pha.acs pluo gn.rnct and mn_y vary in acsemblages l-ti th one calc-silicate 

plus e::!rnct. Hm~ever, the · silicon deficiency in n t\~o-phane aosemblaee 

ma.y only vary bctt·!Ccn tl1c limit o impo::::cd by tho three-phano noocmbln.ges 

on either niue alon~ the Ca-Si join. 
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Figure 21. Molecular proportion of calcium, silicon 
and zirconium+ titanium in garnet from 
skarn of main contact traverse. Tie-lines 
join composition of garnet with coexisting 
calc-silicate phase or phases. 
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Figure 22. Molecular proportion of calcium, silicon 
and zirconium+ titanium in garnet from 
skarn of xenolith traverse. Tie-lines 
join composition of garnet with coexisting 
calc-silicate phase or phases. 
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Garnet-bearing assemblages from the main contact traverse fit the 

model quite well but those from the. xenolith sh0\'1 a number of crossing 

tie-lines for assemblages with \'lollastoni te and rankinite. Comparison 

of the gradients of aluminum and silicon in melilite across the 

wollastonite and wollastonite-rmL~inite zones of the xenolith shows that 

the ratio of Si to Al rapidly changes \'lith distance across these zones, 

thus introducing an additional degree of freedom. 

The limited range in silicon deficiency across the wollastonite 

and spurrite zones of the main contact traverse and the apparent step 

in the silicon deficiency at the boundary betNeen the rankinite-spurrite 

and spurrite zones suggests that the gradient of uSi0
2 

is relatively 

flat across the 'frollastoni te and spurrite zones and that it steepens 

only near the· zone boundaries. Ho,.,.ever, the utility of the silicon 

deficiency of garnet as a precise measure of uSi0
2 

in local assemblages 

is limited by the large variation in the silicon ·deficiency within single 

garnet grains. 

Gradients of the compositions of both melilite and garnet appear 

to be continuous across the zoned skarn, both in the xenolith and at 

the main contact. The lack of compositional discontinuities in the 

solid solutions at the boundaries of the calc-silicate zones indicates 

that the gradients of the chemical potentials of the transported 

s~ecies are continuous across zone boundaries. Thus, a necessary 

condition for the application of the principle of local equilibrium to 

the inter pretation of the mineral .:~nccr:lblaeeo in the zoned okarn is 

fulfilled (Thompaon, 19)9, p. 430). Because continuity of compooitionn.l 
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gr~dients in the solid solutions imply continuity ·of the gradiento of 

the chemica l potentials in the transport medium, Korzhinskii (1965, 

p. 198; 1968, p. 227; 1970, p. 114) has suggested that this is a useful 

criterion for the identification of diffusion as the mechanism of mass 

transport. Thus, a lthough an ~queous fluid of magmatic origin may have 

passed ouhm.rd through the skarn, there is no evidence that it played 

a significant role in the metasomatic development of the skarn. 

Bulk Composition 

Although composition-distance plots for diffusion without chemical 

reaction are smooth curves, those for systems involving chemical reac

tion may show discontinuities \.;here reactions involve phases of fixed 

composition. The discontinuous gradients of bulk composition across the 

zoned calc-silicate nodules result from reaction between stoichiometric 

phases and consequent diffusion. Because the bulk composition of the 

r ock can be controlled by mineral reactions, composition-distance plots 

can provide information about possible reactions leading to the present 

distribution of elements across the zoned skarn. 

The chemical compositions of the analyzed skarn samples are plotted 

as a function of distance from the pyroxenite contact for the main con

tract traverse on Figure 23 and for the xenolith traverse on Figure 24. 

Composition-distance plots for both traverses are similar. The concen

trat ions of silica and iron decrease monotonically from pyroxenite to 

marble \..,rhile that of calcium increases across the same interval. The 

concentration of alumina rises t o a broad maximum in the rankinite zone, 

then decreaces tov:ard the marble. The culmination of a lumina can be 
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Figure 23. Weight percent of major oxides in skarn 
from main contact traverse plotted as a 
function of distance from ·contact with 
pyroxenite. Contact between skarn and 
marble is at 74 em. Integrated bulk 
composition of the skarn was obtained by 
graphical integration of the area under 
the curve for each oxide. Mineral 
assemblage symbols as in Figure 1. 
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Figure 24. Weight percent of major oxides in skarn from xenolith 
traverse plotted as a function of distance from 
contact with pyroxenite. Contact between skarn and 
marble is at 86 em. Integrated bulk composition of 
skarn was obtained by graphical integration of the 
area under the curve for each oxide. Mineral 
assemblage symbols as in Figure 1. 
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attributed primarily to variation in the modal abundance of melilite 

which reaches a maximum in this zone, and secondarily to the steep 

gradient ·in alumina content in idocrase and melilite across the 

wollastQnite zone. 

The sharp, planar contact between melilite-rich brown skarn and 

essentially melilite-free l·Thite skarn, which marks the outer limit of 

metasomatically introduced alumina, is not well developed on either of 

the sampled traverses. In the xenolith, the brown skarn-white skarn 

contact is a sharp front, but it has a very irregular, lobate form. The 

a.YJ.alyzed sample at 67 em, ,.,hich contains the contact, is a mixture of the 

t....m rock types. The development of calcite-spurrite-melilite skarn in 

beds of impure Sue Peaks limestone within 20 meters of the intrusive 

contact shm.,rs that there is sufficient alumina present to form melili te 

by isochemical metamorphism. There are two discontinuities in the modal 

proportion of melilite along the main contact traverse, both of which 

coi!lcide with the bou!ldaries of calc-silicate zones. The first, betl-Ieen 

40 and 43 em, involves a decrease from about 70 to 55 volume percent 

melilite at the contact betl-reen the rankinite-spurrite and spurrite 

sk~n zones. These two transitions are reflected in sharp discontinu

ities in the gradients of calcium, silica and alumina. The second 

discontinuity, at 74 em, coincides l-rith the contact between spurrite 

skarn and spurrite-calcite marble. The modal proportion of melilite 

decreases from about 55 to 35 volume percent across this contact. 

A sh<:~.rp, planar contact behreen melili te-rich brown skarn and 

melilite-free white skarn, developed from relatively pure Del Carmen 

limc ntonc at the intrusive contact, is shoHn in Plate 5. Annlyseo 

_j 
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Plate 5· Planar contact between brown melilite skar.h 
and white spurrite skarn, sample CM-6-6M. 
Chemical analyses of melilite skarn and 
spurrite skarn from this sample are listed 
in Table C-7 (Appendix). Sample is 
65 x 80 mm. 
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6-61;ffi and 6-6f•L\ (Table C-7) <1re of melili te skarn and spurrite skarn 

from either side of the contact in the sample sho\1n in Plate 5· The 

contact is characterized by major discontinuities in the concentrations 

of calcium, aluminQ~, magnesium and iron and probably represents the 

outer limit of metasomatic transport of these elements. 

1·felilite is the most abundant mineral in the skarn, hence the main 

features of the composition-distance plots result from changes in its 

modal ab~~dance and chemical composition. The sharp discontinuity in 

the modal proportion of melilite at the brown skarn-white skarn contact 

probably is the result of a melilite-producing reaction between plagio

clase and pyroxene of the gabbro and calcite. It will be shown below 

t hat the compositional range of the S~e Peaks Limestone overlaps those 

of calcite-spurrite-melilite skarn and spurrite-meliiite skarn. The 

contact is 74 em from the main-contact traverse and possibly represents an 

original sedimentary contact, sharpened by reaction and diffusion. The 

discontinuity at 40 to 43 em may be interpreted as the outer limit of 

"metasomatic" melili te and corresponds to the brovm skarn-Hhi te skarn 

contact in skarn developed from the Del Carmen and Santa Elena lime-

ctones. 

l·lineralogic bound<1ries beh;een the calc-silicate zones are sharp. 

Although rankinite coexists with wollastonite in the xenolith, and with 

spurrite at the main contact, the second phase is not modally abundant. 

The sequence of calc-silicate zones across t he skarn is analogous to the 

ccrien of rnonomineru.lic zones of the calc-nilicate nodules. This 

nimil;).rity cu~~catn t hd t he zonation i s the result of a sequence of 
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to l030°C (Figure 3, Chapter 4). The inferred presence of the facies 

type defined by the coexistence of r~~inite + tilleyite in calc-silicate 

nodules in the aUreole within 16 meters of the gabbro contact . restricts 

the composition of the fluid phase in the vicinity of a growing nodule 

to one in \-Thich the mole fraction o.f co2 was greater than 0.6 (Figure 5, 

Chapter 4). The minimum temperature at 16 meters, at the peak of 

metamorphism, "ras that of the isobaric invariant point . [C,L] on the 

0 
T-XC0

2 
plane, 92:0 C at 325 bars and XC

02 
= 0. 6. Such direct evidence 

for the loHer limits of temperature a.'ld fluid phase composition are not 

available for the skarn, but plausable estimates can be made based on 

information from the outer aureole. The minimum temperature in the 

skarn at the contact must have been greater than or equal to that at 

0 
16 meters, 920 C. The temperature at the contact must closely approach 

that of the magma because the set of mineral assemblages in the skarn 

at the main contact and in the xenolith define the same facies type • . 

Simple heat conduction calculations sh0\·1 that the time required for the 

temperature at the center of a tabular, cylindrical or spherical lime-

st one xenolith \-Ti th a half-~rridth or radius of one meter to rise to a 

value equal to that of the surrounding magma is of the order of a few 

years (Lovering, 1938; Carsla'lr and Jaeger, 1959, p. 102) while the time 

required for complete crystallization of the magma, is of the order of 

thousands of years (Carslaw and J aeger, 1959, p. 288-89). At the mini-

0 
mum p0noible contact temperature, 920 C, the facies type defined by the 

coexictence of r anki ni te + ·cpurrite requires that the mole fraction of 

co
2 

has ,been v-enter than 0. 2. Here the temperature higher, the ab-
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sence of larnite in the skarn requires that the fluid phase be corre-

spondingly enriched in co2 • The m~ximum temperature in the skarn did 

n~t exceed l030°C, the high temperature stability limit of coexistence 

of r~~inite + spurrite in the presence of pure co2 at pressures of 

335 to 355 bars. 

Calcite, mer.,.rini te and melili te coexist in calc-silicate marble 

within 140 em of the pyroxenite at the main contact and in the marble 

core of a large skarn xenolith in fine-grained gabbro located 75 meters 

H~N.lrl. of the xenolith from vrhich the traverse samples were taken. 

Mer\-l'ini te occurs as round, drop-like grains within subhedral prisms of 

melilite and as subhedral grains in contact \-rith calcite. Hithin meli-

lite, the modal proportion of mentini te ranges betl'Teen 5 and 30 volume 

percent. 

The pressure-temperature coordinates of hm reactions which define 

the 1-or,.r temperature limit of coexistence of calcite + merwini te have 

been experimentally determined. The equilibrium temperature of the 

.... 
reac~.~on. 

2 f,lONTICELLITE + SPUP.RITE = 2 MERHINITE + CALCITE 

is 820°C at 60 bars and is little effected by pressure (\-lalter, 1965). 

Ho\·Tever, the equilibrium temperature of the decarbonation reaction 

CALCITE + AKEFn.1ANITE = r.IERUINITE + C02 

is strongly pressure dependent (Shmulovich, 1969). The decarbonation 

reaction liec \-l'i thin the stability field of tilleyite, just to the high 

prencure side of re<1ction ( C, L,R, 'rl) \o~hich defines the high pressure 

ctQbility limit of spurrite. Hithin probable limits of experimental 

error, the t•,ro univari<lnt reactions involving merwinite meet n.t an 
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invarin.nt point '1-rithin the spurrite field at 820°C and 70 bars (Ha lter, 

The presence of mer~.,rini te a s inclusions in melili te suggests that 

the mer\·tini te-forming reaction in the marble 'Iota s similar to the reaction 

studied by Shmulovich (1969). HoHever, the melilite in the skarn is a 

solid solution '1-!ith 44 to 64 mole percent gehlenite. Although the 

coexi stence of ca lcite+ merl-rinite +melilitemay represent divariant 

equilibrium in P-T-XCO , the three-phase assemblage m~ result from 
2 

reaction of c a lcite '1-tit:!J. a melilite solid solution to form merwinite + 

gehlenite, 

n CALCITE + A..1{nGE( l-n) = · n !•IERvliNI TE + (1-n) GEHLINITE + n co
2

, 

or by a similar reaction involving cation exchange of iron and magnesium 

behreen melili te and merwinite, 

(a+b) CALCITE + 1~ Fe- AK GE(l ) = m n -m-n MER a Fe-HER b + 
(a+b) (a.rb) 

A..1{_~Fe-AK __ (n-b) GEtl-m-nj + (W+-b) C02 ~ ~ l-a-b 

The r atio Fe/(Fe+Mg) in merwinite from marble is 0.1. If mer'lorinite 

formed by either reaction involving melilite solid solution, both the 

~luminum content and the ratio Fe/(Fe+Mg) should be greater in melilite 

coexisting \'lith c alcite + merHinite t han in melilite coexisting l'>'ith 

c~lcite a lone. The composition of melilite coexisting with calcite + 

merHi nite (A...x33Fe-AK08aE
59 

, Cr.I-8-7A) is essentially the same as that 

of melili te coexisting with c alcite (P.K33Fe-AK10aE
57 

, CM-8-17). 

Ho'l-:ever, the modal proportion of mer~-.'inite inclusions in melilite in 

Cl·i-8-7A io about 5 volume percent, nuggest i ng that the amount of re:1c-
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The experimentally determined curve for the decarbonntion reaction 

involving calcite, akermanite and rr.erwinite lies just '"ithin the stnbil-

ity field of tilleyite (Shmulovich, 1969). Because the merwinite-free 

assemblage calcite + spurrite + melilite occurs in marble betNeen 140 

and 2040 em from the pyroxenite contact, while the same assemblage tvi th 

merNinite is found in the interval 74 to 140 em, the merwinite-forming 

reaction must lie ~nthin the stability field of spurrite. Due to 

the contribution of the entropy of mixing in melilite, equilibria 

involving calcite, melilite and. mervtinite will take place at higher 

temperatures than that involving calcite, akermanite and merwinite. For 

equilibrium bett-reen calcite, melilite t:f · composition AK
50

aE
50 

and 

merwinite, Shmulovich (1969) has computed an equilibrium temperature 

65°C above that of the experimentally determined curve at 160 bars. 

Thus solid nolution in melilite can displace the reaction curve into the 

s!)urri te field. : 

A striking feature of the set of mineral assemblages that make up 

the skarn is the absence of four-phase assemblages involving merwinite, 

melilite, rankinite and either wollastonite or spurrite. If tempera-

turen vrere sufficiently high to allot-r reaction between calcite and 

melilite solid solutions of the compositional range found in skarn, 13 

to 27 mole percent akerme~ite, the lack of merwinite in the skarn 

assemblages raises the possibility that calcite and melilite did not 

coexist during grovrth of the skarn. T\-10 field observations suggest that 

this in fact may have been the cnse. In skarn developed from the rela-

tively pure Del Carmen and Sant~ Elena limestones, the zone of melilite-



rich spurrite skarn is separated from marble by an essentially mono

mineralic zone of spurrite. All merwinite assemblages occur in impure 

marble, \-there they are the demonstrable result of essentially isochemical 

metamorphism. Thus the merwinite-producing reaction did not contribute 

to the metasomatic groHth of the skarn. 

Menrini te occurs in impure marble in the core of the large skarn 

xenolith studied in detail. Sample CM-108 appears to be made up of tl"'O 

four-phase assemblages, 

. CALCITE + SPURRITE + r.!ONTICELLITE + IliELILITE 

al'l.d 

SPUHRITE + NONTICELLITE + IvlELILITE + NER\f.INITE. 

The assemblages are plotted on the simplified skarn tetrahedron on 

Figure 25. The bulk of the rock is made up of the calcite assemblage 

while the merwinite assemblage is restricted to localized patches in the 

marble. I.fenrini. te is ahrays separated from calcite by an optically

continuous rim of either monticellite or spurrite (Plate 6, Figure 1). 

l~enrini te is never fo~"l.d as inclusions in melili te, although the t\-to 

phases are found in mutual contact. The textural incompatability of 

calcite and merwinite suggests that they are involved in the reaction. 

2 HONTICELLITE + SPUHRITE = 2 MERHINITE + CALCITE. 

Although the facies type defined by the tl·ro local four-phase assemblages 

ic stable on the lol't temperature side of this reaction, vermicular 

intcrgrovnhs of spurrite and monticellite (Plate 6, Figure 2) suggest 

that the assemblages in Cl1-108 are the result of retrograde metamorphism 

of the aosembl age 
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Figure 25. Perspective view of simplified skarn 
tetr~~edron viewed normal to Ca-(Fe+Mg)~Si 
face, sho ... ring two four-phase assemblages 
involving spurrite, melilite and 
monticelli te in sample Cr4-108. 
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Plate 6. Products of the reaction MONTICELLITE + 
S~JRRITE = MERWINITE + CALCITE 

Figure 1. Round grains of merwini te 
enclosed by single grain of 
monticellite in calcite 
matrix, sample CM-108. 
Crossed nicols, field 0.36 x 
0.47 mm. 

Figure 2. Vermicular intergrowth of 
spurrite + monticellite 
separated from calcite by 
rim of spurrite, sample CM-108. 
Plane light, field 0.58 x 0.85 
mm. 

Mineral formulae of montiCellite (MO) and 
merwinite (ME) from this sample are: 

MO Ca2.10Mg1.32Fe0.54Si2.02°8.02 

ME Ca2.96Yig0.90Fe0.09Si2.03°8.02 

l 
I 
.I 

• ....! 
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CALCITE + SPURRITE + MELILITE + !f.ER~HNITE. 

Although the equilibrium temperature of the reaction is inoensitive 

to pressure (dP/dT = -90 bars/°C), it is metastable in the presence of 

pure co
2 

at pressures greater than that of the invariant point involving 

the phases calcite, spurrite, akermanite, monticellite, merwinite and co2 

at 820°C and 70 bars (Halter, 1965). The hydration of melilite to ido-

erase in the rim of the xenolith indicates the presence of an H20-rich 

0 
fluid when temperature dropped belm-1 about 700 C. Because the invariant 

point involves decarbonation reactions, the pressure at which it occurs 

is a function of the mole fraction of C02 in the fluid phase. · The 

coordinates of the invariant point on an isobaric T-Xco section can be 
2 

determined by computation of the point of intersection of the decarbon-

ation rei ction studied by Shmulovich (1969) with the reaction studied 

by Halter ( 1965), using the methods described by Greenwood ( 1967) and 

-~~derson (1970). At a pressure of 300 bars, the invariant point is at 

820°C and ~0 = 0.2. The textural evidence that the mineral assemblages 
J 2 

b. CI•1-l08 result from retrogradation of the assemblage calcite + mer-

\orini te rigorously indicates that the temperature in the core of the 

0 xenolith exceeded 820 C, regardless of the composition of the fluid 

present during the peak of metamorphism. 

Skarn rimming a 15 to 20 meter wide septum of marble between 

coarse-grained a.~d fine-grained gabbro contains tl"lo four-phase 

as::er:1blages involving l arnite and phase "T", 

R1'Jn<:TIHTE + LARNITE + PHASE "T" + MELILITE 
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Dlld 

L1\RNITE + SPURRITE + PHASE "T" + MELILITE, 

which result from metamorphism under the highest temperatures recorded 

in the skarn. Both assemblages are plotted on the simplified skarn 

tetra..h.edron on Figure 26. The lo~1er limit of stability of phase "T" 

is defined by the reaction 

2 L..tillNITE + MERVHNITE = PHASE "T" 

which should have a very steep slope on a P-T diagram. The coexistence 

of larnite + phase "T" indicates that the temperature exceeded 980°C 

(Schlaudt a..~d Roy, 1966). If pure co2 were present, the coexistence of 

spurrite + larnite requires that the temperature have been greater than 

l030°C. If metamorphism took place near the lower limit of temperature, 

t he mole fraction of co2 in the fluid phase cannot have exceeded 0.6. 

The high temperature assemblages recorded in the skarn from the septum 

are the result of polynet amorphism and intrusion into marble preheated 

by the first intrusion. 

BULK C0!·1POSITION OF LIMESTONE AND SKARN 

Integrated Bulk Composition of SY~n 

The bulk chemical composition of a series of skarn zones can be 

computed by graphical integration of the area under the curves on a 

composition-distance plot. The integrated bulk compositions of skarn 

from the main cont act and xenolith traverses, computed by graphical 

integration of the curves for each oxide on Figures 23 and 24 are listed 

in Table 5. The bulk densities t·mre determined by graphical integration 

of <lcnsi:ty-dict:mce plots for each trn.verse. The integrated compositions 
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Perspective view of simplified skarn 
tetrahedron vie'tred normal to Ca-(Fe+Mg)-Si 
face, showing two four-phase assemblages 
involving larnite, melilite and phase 
''T" in sample C't-1-27 3-5. 
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TABLE 5 

INTEGRATED BULK CQii1POSITION OF SKARN 
CHRIST!•1AS MOU:t-."TAINS, TEXAS 

l\1ain Contact Xenolith 

Si02 . 33·4 30·5 

Ti0
2 

0.7 1.0 

A1
2
0

3 
12.1 14.3 

FeO 3.9 4.6 

MgO 1.3 2.3 

CaO 47.6 46.5 

Na
2
o 0.3 0.2 

TOTAL 99.3 99·4 

Density 
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of the t1·10 nkarns are strikingly similar, despite the fact that the 

compositions of the Sue Peaks and Santa Elena limestones and of the 

porphyritic and fine-grained gabbros involved in their genesis are very 

different. The integrated compositions of both skarns plot 11i thin the 

r~~inite-spurrite-melilite field in the simplified skarn . tetrahedron. 

Thus, in addition to the paragenetic evidence that the conditions of 

metamorphism vrere essentially the same in the xenolith and at the main 

contact, the similarity of metasomatic products suggests that the 

mecha..'1ics of growth of the t1vo skarns 1'/ere essentially the same. 

Bulk Comnosition of Limestone 

Electron microprobe analyses of three samples of Sue Peaks .lime

stone and of two samples of skarn derived from isochemical metamorphism 

of Sue Pea..l<s Limestone are listed in Table C-9. Samples CM-336-lD and 

CH- 336-lL represent the dark-gray, tan weathering and the light-gray, 

rusty-brmm ';teathering lithologic components of the Sue Pea-l<s limestone, 

respectively. The ~'1alysis of the dark-gray fraction of the Sue Peaks 

limestone plots 1;1ithin the calcite-spurrite-melilite field of the 

nimplified skarn tetrahedron vrhile those of the light-gray fraction plot 

near the spurrite-melilite join. Compositions of skarn from the spurrite 

zone of the main·contact traverse overlap those of the unmetamorphosed 

Sue Pe~l<s limestone. 

Semiquantitative spectrographic analyses of a sample of Santa Elena 

limestone and of Del Carmen marble are listed in Table C-9· Samples 

Ci·l- 3 36-lD and CJ:l- 336-lL, ~'1alyzed by electron microprobe, \vere used as 

3t.:.nclards. Although the <:!nalyses of tHo samples do not provide adequate 
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informn.tion ~bout the range of composition of the massive limestones, 

they do indicate very lo>-T initial concentrations of iron, alumina. and 

silica.. 

GROHTH !WDEL 

The Reaction-Diffusion Hodel 

Iohneralogic zones in skarn at the contact betvreen pyroxenite and 

m~ble truncate bedding in the marble. Thus, although the skarn 

mineral assemblages can be produced by isochemical metamorphism of im

pure limestone, skarn at the intrusive contact is the result of 

metasomatic introduction of material from the gabbro. The compatability 

of mineral assemblages of adjacent skarn zones and the apparent continu

ity of the gradients of composition of melilite and garnet across the 

zoned skarn show that the principle of local equilibrium is applicable 

at each point along a traverse across the skarn and that the gradients 

of the chemical potentials of the transported species are continuous 

functions across zone boundaries. Continuity of the chemical potential 

gradients is. a necessary condition for mass transport by diffusion. 

Note that mn.ss tra11sport by filtration of a flowing fluid ( infil tra.tion 

metasomatism) results in discontinuities in the gradients of the 

chemical potentials at zone boundaries \•Thich are manifested as discon

tinuities in the compositional gradients of the solid solutions and 

incompatibility of mineral assemblages of adjacent zones. 

Any model for mass transport in the genesis of the skarn must account 

for the "special" compositions of the skarn mineral zones. The simi

l:J.ri t,y of the ocqucncc of ok:arn zonon, chu.r:1ctori:r.od by otoiohiometrio 
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calc-silicate phases, to the monomineralic zones of the calc-silicate 

nodule.s suggests that the reaction-diffusion model used to describe 

grovrth of the nodules may be applicable to the metasomatic growth of 

the skarn. Because mass transport involves diffusion down chemical 

potential gradients produced by reactions to form specific mineral 

assemblages, it is the mineral reactions, not the relative diffusion 

rates of the various chemical species that exercise primary control of 

the composition of the mineral zones. Jl1etasomatic growth of the skarn 

by the reaction-diffusion model must involve reactions to produce a 

zone of melilite plus wollastonite, separating calcite from the igneous 

reactants. Note that a reaction vrhich produces wollastonite will suf

fice to generate all other calc-silicate zones because wollastonite and 

calcite '\'Till react to form spurrite 1..rhich in turn vd.ll react with 

wollastonite to form rankinite. In order to utilize the reaction

diffunion model, the identity of the initial phases involved in reac

tions leading to the metasomatic grovnh of the skarn must be determined. 

The sequence of lithologies developed across the intrusive contact 

is gabbro, pyroxenite, skarn, marble. The pyroxenite is magmatic in 

origin, resulting from the direct interaction of gabbroic magma with 

limestone and, although cumulate in origin, it existed in a mobile 

state, capable of flow and intrusion. Possible reactions leading to 

skarn formation may have involved solid limestone and either gabbroic 

magma or pyroxenite. The contact between pyroxenite and skarn is sharp, 

vri th little evidence for extensive reaction between the two. There is, 

ho~tTever, a zone of skarn at the contact, 1 to 5 em in l-tidth, in which 

the relict outlines of euhedral clinopyroxene and sphene, characteris-
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tic of the pyroxenite, are preserved in aggregates of idocrase + 

D.-l'ldradite + ,.,ollastonite and andradite + perovskite, respectively. 

Apatite, a characterizing accessory mineral of the pyroxenite is found 

in skarn only within the narroH zone at the contact ,.,ith the relict 

pyroxenite texture, thus indicating very limited reaction between skarn 

~l'ld solid pyroxenite. On the basis of field and textural relationships 

at the intrusive contact it is ~~ggested that skarn is the result of 

direct reaction bet,.,reen gabbroic magma and solid limeston~ and that the 

pyroxenite represents an accumulation of clinopyroxene precipitated in 

response to reaction between magma and limestone. 

Reaction between gabbroic magma and limestone involves two processes, 

(1) decarbonation reactions bet1-reen calcite and magma and/or crystals 

in equilibrium 1-rith magma, and (2) crystallization of phases with which 

the magma is saturated, to supply energy for the endothermic decarbona

tion reactions. Because the chemical potential of a component is equal 

in all phases in mutual equilibrium, its value is a characteristic of 

t he system, not of the phases or their physical states. Thus, to describe 

r eaction between gabbroic magma and limestone, reactions may be written 

bet,.,reen calcite ~l'ld minerals that may crystallize from the magma, but 

t he actual phases participating in the reaction may be either the magma 

or the solids in equilibrium with it. Products of a decarbonation 

reaction may (1) rema in in solution in the magma, (2) crystallize from 

the magma, but remain suspended in it, or (3) recrystallize in the 

sol i d state within the carbonate of the wallrock or xenolith involved 

in the reaction. The only constraint imposed by the condition that the 
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phases be in equilibrium is that the chemical potential of each 

component be uniform throughout the system. · 

Gabbros of the Christmas Mountains complex are characterized by 60 

to 70 volume percent plagioclase and 20 to 30 volume percent clinopy-

roxene. Although there is no direct evidence for dete~ination of 

nossible solidus phases at the time of intrusion, alkali gabbro at 

chilled contacts of laccoliths and sills in the Big Bend Region commonly 

have phenocrysts of plagioclase and more rarely, clinopyroxene as 'lrell. 

It is urobable that the gabbroic magmas in the Christmas !tlountains were 

saturated Hith both plagioclase and clinopyroxene at the time of emp~ace-

ment. To test the model for development of the skarn and pyroxenite by 

reaction bet'tleen gabbroic magma and limestone, He may begin by writing 

decarbonation reactions behreen calcite and plagioclase and bet,-leen 

calcite ~~d clinopyroxene and compare the product phases with those that 

make up the pyroxenite and skarn. 

Possible decarbonation reactions betHeen calcite and the end-

members of the plagioclase solid solution series are 

2 CALCITE + ALBITE = NEPHELINE + 2 hlOLLASTONlTE + 2 C02 

and 

2 CALCITE .f. ANORTHITE = GEHLENITE + HOLLASTONITE + 2 C02• 

These may be combined into a general reaction between plagioclase and 

calcite 

2 CALCITE + ANXAB( l-X) = . 

X GEHLENITE + (1-X) 1\TEPHELINE + (2-X) HOLLASTONITE + 2 C02• 
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The breilkdown of plagioclase may proceed in steps, hol-mver, with the . 

~lbite component breaking down before anorthite by the reaction 

2(1-X) CALCITE + AH/'B(l-X) = 

(1-X) NEPHELINE+ 2(1-X) HOLLASTONITE + X ANORTHITE+ 

2(1-X) co2• 

Anorthite may subsequently react with calcite to form gehlenite + 

~·rollastonite by the reaction above, but the rare occurrence of anorthite 

in pyroxenite suggest that it, as vrell as nepheline and wollastonite go 

into solutio!'l in· the melt. Although exceedingly rare in pyroxenite, 

plagioclase has two modes of occurrence in pyroxeni-te with distinctive 

textures and compositions. The most vddespread mode of occurrence of 

plagioclase is as isolated single crystals, vri th corroded margins, that 

are completely enveloped by large, euhedral grains of nepheline. This 

textural relationship suggests that plagioclase \·ras involved in a 

resorption reaction \nth the magma. Compositions of plagioclase in this 

p~agenesis overlap those of plagioclase from the gabbro (AN
30

-AN
70

). 

A."lorthi te (PJ180-Au
96

) occurs locally in the assemblage anorthite + 

llollaotoni te + nepheline + clinopyroxene in a thin ( < 1 em), discontin-

uous zone separating nepheline pyroxenite from skarn. Individual grains 

of anorthite do not show any evicence for reaction. Although it is a 

product of each of the hypothetical reactions behreen calcite and · 

plagioclase, wollastonite is restricted in occurrence to a few locali-

tie::~ vrhere it is found in pyroxenite .,.,i thin 30 em of skarn. In 
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nepheline pyroxenite, wollastonite invariably occurs as elongate bladed 

cryntals \·lhich have a skeletal habit with rounded margins, suggestive 

of re<:!.ction t-ti th magma or the enveloping nepheline. 

The products of the react ion of <:!.northi te \·lith calcite are simple 

<:!.nalogues of the dominant mineral phases of the skarn, melilite and a 

stoichiometric calc-silicate. As \·rill be shown belm-.•, the akermanite 

~~d iron ~<ermanite components of the melilite solid solution can be 

produced by reaction b.etHeen clinopyroxene and calcite. Although 

melilite and wollastonite are minerals characteristic of the skarn, 

nepheline is the dominant alkali-aluminosilicate phase of the pyroxenite. 

Its textural relationships to e~~edral clinopyroxene and the occurrence 

of dikes of calciurn-rich nepheline syenite intrusive into pyroxenite and 

skarn . suggest that nepheline remains in solution in the magma and 

crystallizes late in the solidification of the pyroxenite. The corroded 

outlines of individual grains of plagioclase and ,.,ollastonite may be 

interpreted as due to partial resorption by the magma. Thus, initial 

reaction beh:een gabbroic magma and limestone produced a "desilicated" 

liquid capable of crystallizing nepheline, ~~orthite, wollastonite and 

clinopyroxene. The melt is desilicated in that the ratio of silicon to 

other cations is less than that in the original magma. This is the 

result of oolution of CaO and does not necessarily imply- selective 

tr<:!.nsport of silicon out of the local system. 

Posnible decarbonation reactions involving calcite and clinopyroxene 

arc 

CALCITE + DIOPSIDE = AKER!>'!ANITE +C02 
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CALCITE + HEDENBERGITE a Fe-AKERMANITE + C02 

CALCITE + CALCIUM TSCHERMAKITE = GEHLENITE + C02• 

A combined reaction between calcite and a clinopyroxene solid solution 

may be written 

CALCITE + DIOPxHEDyCATS(l-X-Y)=AKXFe-AKyGE(l-X-Y) + C02• 

At 430 bars, the first reaction runs to the right at 890°C in the 

presence of pure co2 (Walter, 1963). Although the contribution of 

calcium tschermakite to the total gehlenite content of the melilite in 

the skarn is probably small compared to that of plagioclase, clinopyroxene 

is the main source of iron and magnesium. Thus the ratio of Fe/(Fe+Mg) 

of melilite in :skarn should be equal to that of the clinopyroxene 

involved in the decarbonation reaction. 

Although melilite and clinopyroxene are mutually compatible in 

the absence of calcite, clinopyroxene is never found in skarn and 

melilite is never found in either pyroxenite or in any of its alkali-

rich differentiates. Although plagioclase shows textural evidence for 

reaction with magma, clinopyroxene in pyroxenite shows no evidence for 

reaction either with magma or with any solid phase. It is nearly 

always euhedral and, where zoning can be distinguished optically, zone 

boundaries are parallel to the faces of the crystal. Any decarbonation 

reaction involving clinopyroxene cannot have involved the solid 

clinopyroxene in the nepheline pyroxenite. In fact, to obtain energy 

necessary for the solution reactions between magma and limestone to 

take place, clinopyroxene probably was crystallized from the melt. 
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The highly irregular modal distribution of clinopyroxene in pyro

xeni tc Sl.lggests that pyro::-:eni te represents a crystal mesh of euhedral 

clinopyroxenes "cemented" together by a late-crystallizing alkali-rich 

residual magma of nepheline syenite composition . Decarbonation 

reactions l'Jri tten betl'reen calcite and end-member molecules of plagio-

clase ~~d clinopyroxene are endothermic with reaction enthalpies of 

20 to 30 kilocalories per mole of calcite at l300°K (computed from 

thermochemical data of Robie and Haldbau.rn, 1968). The energy required 

for the d.ecarbortation reactions involving magma and calcite can be 

supplied by crystallization of the phases vrith which the magma is 

satura.ted, thus liberating the enthalpy of fusion (Bowen, 1928, p. 175-91). 

Clinopyroxene concentrated in the pyroxenite was probably crystallized 

in response to reaction bet\·reen magma and carbonate . The enthalpy of 

fusion of diopside, 24.3 kcal/mole (Bm·ren, 1928, p. 178), is comparable 

in magnitude to the enthalpies of the decarbonation reactions, but oppo

site in sign '\-!hen diopside crystallizes from a melt. Thus for each mole 

of co2 evolved by reaction between calcite and magma, approximately one 

mole of clinopyroxene \·tas crystallized to supply the energy necessary 

for the endothermic dec~rbonation re~ction. 

The melil ite calc-nilicate skarn forms a reaction rim sep~rating 

chemically incompatible gabbroic maerna and limestone. A crucial question 

in the gene~is of the skarn is that of the time of formation of the 

reaction rim relative to the time of complete crystallization of the 

_n;yroxcni te. The scalloped contact bett~een pyroxenite and skarn is 

sur.:~cr;ti ve of crlenci ve ~elution of l'mllrock by mo.gma. Because the 
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mineral ~ssemblaees of the nepheline pyroxenite and the skarn are 

compatible, reaction must have involved limestone, not skarn. Because 

the energy necessary for endothermic reaction between magma 2..11d lime

stone is provided by crystallization of the "heat equivalent" of 

clinopyroxene, the amount of solution reaction is limited by the 

concentration of potential clinopyroxene in the original magma plus that 

t 2~en into solution from the carbonate. It is thus likely that a 

significant amount of pyroxenite 1.vas crystallized before formation of 

the zone of melili te-1-rollastoni te skarn. \-There impure limestone, such 

as that of the Sue Peaks Formation, is involved, melilite may form by 

isochemical recrystallization. In this case, the melilite reaction rim 

is formed at the outset and magmatic reaction consists of selective 

solution of calcite. 

Once a zone of melilite-wollastonite skarn is formed between lime

stone a~d either anorthite-rich pyroxenite or desilicated gabbroic magma, 

the skarn \-rill grow by reactions at its contacts so long as anorthite 

~~d/or clinopyroxene are available either in the melt or as solid phases. 

The chemical potential of aluminum is controlled in the melilite skarn 

by equilibria behrcen anorthite, 1-.rollantonite and melilite o.t the pyroxe

nite contact and between cnlcite and melilite at the marble contnct. 

Simil~rly, equilibria between clinopyroxene + melilite and either calcite 

+ melilite or spurrite + melilite control the chemical potentials of 

iron and mn.gnesium. Equilibria behteen \·rollastonite + rankinite, rankinite 

+ cpurrite ~~d spurrite + cnlcite exercise primary control over the 

chemical potcntialn of calcium ~~d oilicon no did oimilar equilibria in 

t he calc~cilic~tc nodules. 

J 
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The skarn consists essentially of a zone of melilite superimposed 

on a series of mineral zones defined by the presence of a stoichiometric 

calc-silicate mineral. The "special" bulk compositions of each of the 

sknrn zones are the direct result of the specific mineral reactions 

betHeen gabbroic magma and limestone. Reaction between calcite and 

clinopyroxene of a vride range of composition \-Till produce a single solid 

phase, melilite. Similarly, reaction betvreen calcite and plagioclase 

Hill produce melilite + vrollastonite + nepheline. Because melilite is 

capable of extensive solid solution of iron, magnesium and aluminum, it 

is the stable reaction product for a vride range of mixtures of plagio

clase, clinopyroxene and calcite. At the temperature of reaction between 

magma and limestone, wollastonite a..-,d calcite are incompatible. The 

calc-silicate zones result from reaction bettoreen calcite and wollastonite 

to form spurrite t·:hich in turn reacted vri th v:ollastoni te to form rc.n..ldni te. 

Thus the calc-silicat es in each zone are compatible with those of the 

adjacent zones at each of the zone boundaries. 

Because melilite is forrred by reaction involving clinopyroxene and 

plagioclase, its composition should reflect the ratio of Fe/(Fe+Mg) of 

clinopyroxene in pyroxenite and the overall ratio of clinopyroxene to 

u.northi te in the desilicated gabbroic magma. The ratio of Fe/(Fe+Mg) 

of clinopyroxene from pyroxenite surro~~ding the large skarn xenolith 

(Cl,l-lllB) ranges from 0.4 to 0.6. The ratio of Fe/(Fe+Mg) in melilite 

from vrollastoni te, vtollastoni te-rankini te and spurrite skarn from the 

xenolith ic uniform and equal to 0.4. The ratio of Fe/(Fe+Mg) in 

meli lite from ck<ll'n of the main contRct traverse shows a continuous 
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variation from 0.7 at the pyroxenite contact to 0.2 in marble. Although 

most c linopyroxene in the adjacent pyroxenite is iron-rich (Fe/(Fe+Mg) = 

0. 6) , the ratio of Fe/(Fe+i'·!g) of zoned crystals ranges from 0. 2 in the 

core to 0.6 on the rim. The progressive iron enrichment of melilite as 

the pyroxenite contact is approached closely matches the zoning in 

clinopyroxene from core to rill', indicating that melili te continuously 

re-equilibrn.ted \'lith the composition of the outermost zone of the 

clino?yroxene during gro~nh of the skarn and simultaneous crystallization 

of the nepheline pyroxenite~ The aluminum content of idocrase, pseudo

m~rphous after melilite, is similar in skarn at the pyroxenite contact 

from both traverses. Hm·Tever, Hhile the gradient of aluminum in melilite 

~~d i docrase across the xenolith has a uniform slope, the slope of the 

gr~dient of alumin~~ in melilite and idocrase is quite steep ~nthin 15 em 

of the pyro:>:enite contact on the main contact traverse. The progressive 

enrichment of silicon over aluminum in melilite and idocrase as the 

PJToxenite contact is approached may be the result of the elimination of 

anorthite from pyroxenite by reaction \'lith calcite to form gehlenite, so 

that in the late stages of skarn gro\·rth, the composition of melili te is 

dominated by the composition of clinopyroxene. 

!·!a~s Balnnce Calculations 

The relative gains and losses of mnterial in the metasomatic 

deve lopment of ckarn can be computed from the integrated composition of 

the skarn c~d the initial composit ion of the limestone. In order to 

compute the mQ,:,nitude of the g~ins and losses of material in the meta

nom:J.tic GI'OHth to the sk:1rn, a specific reference state of the system 
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must be chosen and all gains and losses computed relative to this 

reference state (Thompson, 1959, p. 428-29). Possible reference states 

are a constant volume of rock or a fixed mass of CaO. Relative gains 

~nd losses are computed by subtraction of the mass of each oxide in the 

limestone from the mass of the same oxide in the skarn. 

Hass balance calculations for grm·rth of the skarn from limestone 

have been made by comput ing gains and losses relative to a fixed volume 

of limestone, set equal to a prism of rock l cm
2 

in cross-section with a 

length equal to the thickness of the skarn (Table 6), and relative to a 

fixed mass of CaO (Table 7). Nass balance calculations have been made 

using both lithologic components of the Sue Pe~~s Limestone to outline 

the range of possible exchanges in genesis of the skarn at the main 

cont c.ct. 

The magnitude of the gains and losses for each skarn-limestone 

combinat ion are similar for both models. As might have been expected, 

t~e exchanges are greater for conversion of the relatively pure Santa 

Elen~ Limestone to skarn th~n for conversion of the silica- and alumina-

rich Sue Peaks Limestone to skarn. Despite the differences in initial 

limestone composition, both skarns require substantial additions of 

~ilicon, aluminum, iron and titanium. There is an excess of magnesium 

and sodium in Sue Peaks Limestone over that in skarn, but these elements 

1-.'ere added to the Santa Elena Limestone. :Note that had the more magnesian 

Del Carmen marble been used in t he calculation, there would have been an 

cxcc~n of magnesium . 



TABLE 6 

MASS BALAN'CE CALCULATION FOR GROHTH OF SKARN 

CONSTA.t'{T VOLUME HODEL 

Width of Skarn 
Volume Element 
Density of Skarn 
Mass of Skarn 
Density of Limestone 
~ass of Limestone 
Net ~ha..'lge in Hass 

\\IT% 

Main Contact Traverse 

74 cm3 74 em 3 3.07 gm/cm 
227.2 gm 3 

2. 7 gm/cm 
199.8 gm 
+27 ·4 gm 

MASS (gm) tofr% 

MAIN CONTACT TRAVERSE 

Skarn Limestone 

Si02 33.6 76.3 31.5 

Ti02 0.7 1.6 0.4 

Al 2o3 
12.2 27.7 n.o 

FeO 3·9 8.9 2.6 

MgO 1.3 2.9 3-3 

CaO 48.0 109.1 50.8 

Na20 0.3 0.7 0.4 

TOTAL 100.0 227.2 100.0 

Xenolith Traverse 

86 cm
3 86 em . 

3 3.10 gm/cm 
266.6 gm 3 

2.7 gm/cm 
232.20 gm 
+34·4 gm 

MASS (gm) b.MASS (gm) 

336-1L 

62.9 +13.4 

0.8 + 0.8 

22.0 + 5· 7 

5·2 + 3. 7 

6.6 - 3· 7 

101.5 + 7.6 

0.8 - 0.1 

199. 8 +27 ·4 



TABLE 6 (CONTINUED) 

~~SS BALANCE CALCULATION FOR GROWTH OF SKARN 

CONSTANT VOLUME MODEL 

wr% MASS (gm) W'r{o MASS (gm)~MASS (gm) 

MAIN CONTACT TRAVERSE 

Skarn Limestone 336-1D 

Si02 
33.6 76.3 23-5 47-1 +29.2 

Ti02 
0.7 1.6 0.3 0.6 + 1.0 

A1
2
o

3 
12.2 27 -7 9.0 18.0 + 9-7 

FeO 3-9 8.9 2.0 4-0 + 4-9 

MgO 1.3 2.9 2.0 4-0 - 1.1 

CaO 48.0 109.1 62.8 125.3 -16.2 

Na 2o 0.3 0.7 0.4 0.8 - 0.1 

TOTAL 100.0 227-2 100.0 199.8 +27 ·4 

XENOLITH TRAVERSE 

Skarn Limestone 335-2 

Si02 30. 7 81.8 7.1 16.5 +65.3 

Ti02 1.0 2-7 0 0 + 2. 7 

A120
3 14-4 38 -4 1.4 3-2 +35-2 

FeO 4-6 12.3 0.1 0.2 +12.1 

MgO 2-3 6.1 2-4 5-6 + o.s 
CaO 46.8 124.8 89.0 206.7 -81.9 

Na2o 0.2 o.s 0 0 + o.s 
TOTAL 100.0 266 .6 100.0 232.2 +34-4 
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TABLE 7 

MASS BALANCE CALCULATION FOR GROWTH OF SKARN 

FIXED MASS OF CaO MODEL 
WTj& MASS (gm) lr.fT% MASS ( gm).6MASS (gm) 

M.AIN CONTACT TRAVERSE 
SKARN LINIESTONE 336-1L 

SiO 2 33.6 70.0 31.5 62.0 + 8.0 

Ti02 0.7 1.5 0.4 0.8 + 0.7 

A12o3 
12.2 25.4 11.0 . 21.7 + 3. 7 

FeO 3.9 8.1 2.6 5·1 + 3.0 

MgO 1.3 2.7 3.3 6.5 - 3.8 

CaO 48.0 100.0 50.8 100.0 0 

Na2o 0.3 0.6 0.4 ·· 0.8 - 0.2 

TOTAL 100.0 208.3 100.0 196.9 +11.4 
SKARN LIMESTONE 336-lD 

Si02 33.6 70.0 23·5 36.4 +33.6 

Ti02 0.7 1.5 0.3 0.5 + 1.0 

Al
2
o

3 
12.2 25·4 9.0 14.3 +11.1 

FeO 3.9 8.1 2.0 3.2 + 4·9 

i-f gO 1.3 2.7 2.0 3.2 ... 0.5 

CaO 48.0 100.0 62.8 100.0 0 

Na20 0.3 0.6 0.4 0.6 0 

TOTAL 100.0 208.3 100.0 158.2 +50.1 

XENOLITH TRAVERSE 
SKARN LIMESTONE 335-2 

Si02 30·5 65.6 7.1 8.0 +57 .6 

Ti02 1.0 2.2 0 0 + 2.2 

Al 2o3 
14.3 30.8 1.4 1.6 +29.2 

FeO 4·6 9.9 0.1 0.1 + 9.8 

MgO 2.3 5·0 2.4 2.7 + 2.3 

CaO 46.5 100.0 89.0 100.0 0 

Na2o 0.2 0.4 0 0 + 0.4 

TOTAL 100.0 213.9 100.0 112.4 +101.5 
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Computation of ~he chemical exch~~ges necessary to convert limestone 

to skarn are useful estir.mting the scale of interaction behteen carbonate 

&~d magma or solid rock, but they provide little information about the 

specific rocks or magmas involved. 

If the bulk composition of the skarn is the result of reaction between 

limestone and gabbroic magma, it should be possible to approximate the 

integrated bulk composition of the skarn by a linear combination of the 

compositions of the magma and limestone involved. Although the phaneritic 

gabbros analyzed do not represent magmatic liquids, they probably closely 

approach the composition of the mixture of magma plus crystals involved 

in the reactions Hith limestone. As a reconnaissance check of the mix-

ing hypothesis, ~~alyses of the porphyritic gabbro, Sue Peaks Limestone 

and the integrated bulk composition of the main contact skarn have been 

plotted on the Ca-Si-(Fe+Mg) and Ca.-Si-Al faces of the simplified skarn 

tetr~hedron (Figures 27 and 28). Similar plots of analyses of fine

grained gabbro, Del Carmen and Sa.~ta Elena limestones and the bulk 

composition of the xenolith skarn are sho\m in Figures 29 and 30. The 

remarkably close fit to a line for the main contact data on both sect ions 

confirms the applicability of the mixing hypothesi:::: for the elements 

portrayed on the diagrams . Although the data for the xenolith show 

con8iuerable scatter, the validity of the mixing model is confirmed. 

A c~~ue estimate of the proportions of magma and limestone involved 

in the reaction c~~ be obtained by application of the lever rule to a 

n~ecific combination of annlyzeu limestone and gabbro and the integrated 

bulk compooition of okarn. The composition of the skarn at the main 

cont.J.ct mcy be c.pproximatcd by mixinc; 25 molen of porphyritic gabbro 
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Figure 2[. Molecular proportion of calcium, iron+ magnesium 
and silicon of individual samples of porphyritic 
gabbro and Sue Peaks Limestone and of integrated 
bulk composition of skarn from main contact 
traverse. 
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Figure 28. Molecular proportion of calcium, aluminum and 
silicon of individual samples of porphyritic 
gabbro and Sue Peaks Limestone and of integrated 
bulk composition of skarn from main contact 
traverse. 
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Figure 29. Molecular proportion of calcium, 
iron + magnesium and silicon of 
individual samples of fine-grained 
gabbro, Del Carmen Limestone and 
Santa Elena Limestone and of 
integrated bulk composition of skarn 
from the xenolith traverse. 
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Figure 30. Molecular proportion of calcium, aluminum 
and silicon of individual samples of 
fine-grained gabbro, Del Carmen Limestone 
and Santa Elena Limestone and of integrated 
bulk composition of skarn from the xenolith 
traverse. 
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( CH-39-3) •r1i th 75 moles of the dark-gray fraction of the Sue Peaks 

limectone ( CH- 336-lD) or by mixing 5 moles of the came gabbro 'l'ti th 95 

moles of the light-gray frc..ction of t he Sue Peaks limestone (CM-336-lL). 

The integrated bulk composition of the xenolith skarn m<JY be generated 

by mixing 48 moles of fine-grained gabbro ( CI~-109-5) with 52 moles of 

Santa Elena limestone (CN-335-2). 

SU!.OORY 

Mineralogically zoned calc-silicate skarn occurs as a narrow 

band that separates pyroxenite and marble along the intrusive contact 

between gabbro and limestone and as a rim on marble-cored xenoliths 

in gabbro. The most widely developed mineral assemblages in skarn 

consist of melilite or idocrase pseudomorphic after melilite, one or 

t wo of the phases wollastonite, rankinite, spurrite and calcite and 

accessory Ti-Zr garnet, perovskite and magnetite. Each mineralogic 

zone in skarn is characterized by the presence of one of the 

stoichiometric calc-silicate phases. The sequence of zones, from 

pyroxenite to marble, is wollastonite, rankinite, spurrite, calcite. 

The series mineral zones developed across a band of skarn is analogous 

to the set of monomineralic zones in calc-silicate nodules from the 

inner part of the aureole, the main difference being the presence in 

skarn of additional phases capable of solid solution. Proof that 

t he mineralogic zonation in skarn is the result of metasomatic 

introduction of material from the gabbro and not the isochemical 

met amorphi sm of a bedded s edi ment is demonstrated by the observations 

tha t (l) the sequence of miner a l zones is the same in skarn formed 
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in each of the three carbonate units, (2) the zoning is parallel to 

the int~~sive contact which is discordant to bedding in marble and 

(3) mineralogy and sequences of zones are the same on all sides of 

skarn xenoliths in gabbro. 

To a first approximation, the mineral phases of the skarn may be 

described by solid phases in the system Ca0-FeO-Mg0-Al2o3
-Si0

2
-eo

2 

and may be represented graphically in a tetrahedron with Ca, Fe+Mg, 

Al and Si as apices. The lack of crossing tie-lines when all skarn 

assemblages are plotted in the simple skarn tetrahedron shows that 

to the extent that the facies type so defined is sensitive to changes 

in P, T and uCO , conditions of metamorphism were the same both in the 
2 

xenolith and at the intrusive contact, and that the different mineral 

assemblages represent products of metamorphism of different bulk 

compositions. The mineral assemblage of each skarn zone is compatible 

with the assemblages at each of its contacts, while the assemblages 

bounding it on either side are incompatible. Metamorphism of a 

general composition within the simple skarn tetrahedron under 

conditions of trivari~~t equilibrium in P, T and uCO should result 
2 

in a four-phase assemblage. However, the series of mineral assemblages 

in a skarn band are represented by a sequence of two-phase joins and 

adjacent three-phase planes in the tetrahedron. Hence, each skarn 

zone repres ents a "special" bulk composition within the simple 

system. The close analo gy between the mineral assemblages of the 

zoned skarn and the monomineralic zones of the calc-silicate nodules 

sugeests that the reaction-diffus ion model used to describe the 



metasomatic growth of the calc-silicate nodules may be applicable 

to the genesis of the skarn. 

The ass~~ption of local e~~ilibrium on which the growth model is 

based requires that the gradients of the chemical potentials of all 

transported species be continuous from point to point across the 

series of skarn zones. The compatibility of mineral assemblages of 

adjacent zones and the continuity of gradients of composition of 

melilite and garnet solid solutions across the skarn are consistent 

with the local equilibrium hypothesis and verify that diffusion was 

the dominant mechanism of mass tr~~sport. 

The formula proportions of titanium and zirconium in garnet vary 

antithetitally with that of silicon and the formula proportion of 

silicon in garnetfrom skarn systematically decreases from pyroxenite 

to marble. The formula proportion of silicon in garnet is directly 

proportional to the concentration of silicon in bulk skarn while the 

formula proportion of zirconium in garnet varies inversely with the 

concentration of zirconium in skarn. By analogy with the calc

silicate nodules, the chemical potential of silicon in each skarn 

zone was controlled by the assemblage of coexisting stoichiometric 

calc-silicate phases. Thus the formula proportion of silicon in 

garnet is a direct measure of the chemical potential of silicon from 

point to point in the skarn. Titanium and zirconium enter garnet to 

fill the silicon deficiency. 

Although composition-distance plots for diffusion without 

chemical reaction are smooth curves, those for,systems involving 

chemical reaction may show discontinuities where reactions involve 
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phases of fixed composition. Because mass transport involves 

diffusion doHn chemical potential gradients produced by reactions to 

form specific mineral assemblages, it is the .nine ral reactions, not 

the ralative diffusion rates of the various chemical species that 

exercise primary control of the bulk composition of the mineral zones. 

Concentration-distance plots for skarn from the intrusive con~act 

and from the xenolith sh0\'1 that the concentrations of silicon and 

iron decrease from pyroxenite to marble while the concentration of 

calcium increases across the same interval. The concentration of 

aluminum increases to a broad maximum in the rankinite zone then 

decreases to ... rard marble. rl!ass balance calculations show that 

relative either to a fixed volume of rock or to a fixed mass of CaO, 

silicon 1 aluminum, iron and titanium ;.tere ; added to limestone to 

form skarn. A striking feature of the distribution of skarn 

compositions plotted in the simple skarn tetrahedron is that rather 

than shoH a continuous variation in composition across adjoining 

three-phase triangles, the compositions of skarn samples are grouped 

along the t;.ro-phase tie-lines joining melili te and stoichiometric 

calc-silicate phases. 

On the bas i s of field, textura l, mineralogical and chemical 

relationships at the intrusive contact it is concluded that the 

zoned calc-silicate skarn is the result. of direct reaction between 

gabbroic magma and solid limestone and tha t the pyroxenite represents 

an accumulation of cl inopyr oxene precipita ted in response to r eaction 

between m<'-gma and limestone . . Reaction between gabbroic magma and 
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limestone involves two processes, (1) decarbonation reactions between 

calcite and magma and/or crystals in e~~ilibrium with magma, and 

( 2) crystallization of phases with l-rhich the magma is saturated, to 

supply energy for the endothermic decarbonation reactions. 

The skarn consists essentially of a zone of melilite superimposed 

on a series of mineral zones defined by the presence of a stoichiometric 

calc-silicate mineral •• The "special" bulk compositions of each of 

the skarn zones are the direct result of specific mineral reactions 

between gabbroic magma, saturated with plagioclase and clinopyroxene, 

and limestone. Reaction between calcite and clinopyroxene of a wide 

range of composition will produce a single solid phase, melilite. 

Similarly, reaction between calcite and pla~oclase will produce 

melilite + wollastonite+ nepheline. At the temperature of initial 

reaction between magma and limestone, wollastonite and calcite are 

inc~mpatible. The calc-silicate zones result from reaction between 

wollastonite and calcite to form spurrite which in turn reacted with 

wollastonite to form rankinite. 
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APPENDIX A 

!IIEI'HODS OF ELECTRON MICROPROBE ANALYSIS 



ELECTRON MICROPROBE ANALYSIS OF MINERALS 

All electron microprobe analyses of minerals were made of 

grains in situ in polished thin section. All analyses of minerals 

from igneous and contaminated igneous rocks were performed with an 

Applied Research Laboratories (ARL) model Er.ric electron microprobe 

while those of minerals from skarn were performed both with the ARL 

and with a ~!aterials Analysis Company (NAC) model 5-SA-3 electron 

microprobe interfaced with a DEC PDP-8/L computer. Operating 

conditions for both instruments were 15 KV accelerating potential and 

0.05 microamp sample current, measured on brass. · Beam current drift 

was compensated by counting X-rays generated for a fixed flux of 

electrons with the ARL and by taking the ratio of X-ray counts to 

beam current averaged over a fixed counting time with the MAC. 

Primary standards used for analyses of all phases were oxides, 

synthetic silicates and well-characterized natural minerals. Oxide 

concentrations were computed from X-ray intensity ratios by the 

method of Bence and Albee (1968) using binary oxide correction 

factors computed by Albee and Ray (1970). Three elements were 

analyzed simultaneously with the ARL. Data for complete analysis of 

a ·point were accumulated in three to five runs· made on successive 

days. Output from the probe was punched on paper tape that was 

processed by an IBM 360/75 to edit data and compute X-ray intensity 

ratios relative to the standards (K-values). Oxide concentrations 

and mineral formulae were computed with a separate program. Data 

collection and reduction was done on-line with the ~~C using a program 

written in FOCAL-8 by A. A. Chodos (Chodos nnd Albee, 1971). 

Elements were analyzed oequcntially, three at a time, and 
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oxide concentrations ~~re computed before moving the sample from the 

point of analysis. 

ELECTRON MICROPROBE ANALYSIS OF ROCKS 

Rock samples were homogenized for analysis by electron microprobe 

by fusion wi th Li2B
4
o
7

• Samples of rock, weighing 10 to 250 gm, were 

pulverized in a Spex shatterbox. Approximately 2 gm of rock powder was 

mixed ~~th an equal weight of Baker and Adamson Li2B
4
o
7 

in a Spex 

mixer-mill and fused for 5 to 15 minutes in a carbon crucible in an 

electric muffle furnace at 1000° to ll00°C. The fused sample \-:as cast 

on an aluminum plate held at 250°C and the resulting glass disc was 

annealed at that temperature for several hours. The glass disc, 20 mm 

in diameter and 5 mm thick, \-Tas mounted in a 1 inch O.D. brass ring 

~~th epoxy and the surface was polished for analysis with the electron 

microprobe. 

Glass discs ~1ere prepared from the U.S. Geological Survey standard 

granite (G-2), granodiorite (GSP-1), ~~desite (AGV-1) and basalt (BCR-

1) described by Flanag~~ (1969). Three discs were made of each rock 

by fusion of carefully weighed mixtures of rock powder and flux dried 

0 at 110 C for 24 hours before Neighing. Discs were made with the compo-

sitions 3 gm rock+ 1 gm flux (designated 3R/1F in Tables A-1 through 

A-8), 2 gm rock+ 1 gm flux (2R/2F) and 1 gm rock+ 3 gm flux (1R/3F). 

Electron microprobe analyses of these carefully prepared standards 

provided a test for the accuracy and precision of the method .and allowed 

computation of empirical correction factors for the interaction of 
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Three blanks, made by fusion of 4 gm of flux, t-rere analyzed by 

electron microprobe to determine the concentration of impurities in the 

glass. The mean values, as weight percent are: 

Si02 0.030 

Ti02 0.004 

Al 2o
3 

0.052 

FeO 0.010 

MgO 0.009 

CaO 0.042 

Na.2o 0.009 

K20 0.014 

P2°5 0.022 

0.192 TOTAL IMPURITY 

Glass discs made from igneous and contaminated rocks were analyzed 

with the ARL microprobe. X-ray intensity ratios were determined 

by averaging results of 20 ten second analyses distributed over the 

surface of the sample. Glass discs made from skarn were analyzed with 

the MAC microprobe. X-ra:y intensity ratios were determined by slowly 

moving the sample under beam while accumulating counts for 60 seconds. 

Operating conditions and standards used with both instruments were 

i dentical to those listed above. 

Oxide concentrations were computed from X-ray intensity ratios by 

~he method of Bence and Albee (1968). To account for the interaction 

of behreen Li2B
4
o
7 

and the radiation of the elements analyzed, the 

difference bet t-reen the oxide summation and 1. 0 was entered as excess 

oxygen in each iteration. Convergence to a difference less than 0.003 
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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 crystallizes from a melt. Thus for each mole of calcite 

taken into solution by the magma, approximately one mole of 

clinopyroxene was crystallized to supply the energy necessary for 

the endothermic decarbonation reaction. The amount of limestone 

that may be assimilated by a given volUme of gabbroic magma is 

limited by the concentration of potential clinopyroxene in 

- uncontaminated magma. 

The Olivine 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 

r1ate 3, Figure 1). The former presence of olivine in these rocks 

is marked by vermicular magnetite in the core of zoned grains of 

titanaugite (Plate 3, Figure 2). Compositions of coexisting 

olivine, titanaugite and magnetite from the assemblage of Plate 3, 

Figure l (CM-8-lA) are 

Mg0.95Fel.03Mn0.04Si0.98°4 

Ca0.92Na0.06Mg0.69Fe0.24MnO.OlTi0.05Al0.28Sil.76°6 

Fe2.37Mn0.02MgO.lOAl0.09CrO.OlTi0.4004- MGT60USP40 

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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APPENDIX B 

ELECTRON MICROPROBE ANALYSES OF 
IGl\TEOUS ROCKS AND MINERALS 



CM-6-2 
CM-33-14 
C!v1-39-6 
CM-77A 
CM-80CG 
GM-139 
c:-1-144 
CM-298 

CM-8oFG 
c~~-109-5 
CM-136 
CM-276 
C~-53H 
C !~i-83 
CM:-283 
Cit1-293 

Cl) 

s:: 
Cl) 

>< 
0 

Cl) 
~ 
>. s:: p. 

·r-l 0 
> s:: 

•.-4 ·r"l 
....-4 ....-4 
0 (,) 
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TABLE B-1 

ANALYZED IGNEOUS ROCKS 
CHRISTrtiAS MOU1"TAINS, TEXAS 

~ ro 
p. 
rn 

Cl) "'t:j 
rn ,..-4 

Cl) Cl) ro Cl) 
,..-4 +" Cl) ,..-4 . li. 
0 Cl) ·r-l +" Cl) () 
p +" +" ·r-l g. 0 ·r-l 
·r-l ·r-l (l) s:: ·r-l ,..-4 

~ +" &b 
Cl) ro be ro 

p. 0 E p. ro ~ 
E ·.-4 ro ....-4 0 ....-4 ....-4 

...: ~ :::::: H 0... ...: 

Cl) 

s:: Cl) 
·r-l +" 
,..-4 ·r-l 
Cl) () 

· ~ ,..-4 
p. ro 
Cl) s:: z ...: 

COARSE-GRAINED OLIVIh~-TITANAUGITE GABBRO 

1 20 2 X 10 65 . . .. 
1 20 3 X X 6 64 3 . . 2 
3 30 1 X X 7 57 2 
2 30 3 X 7 51 5 .. 

() 15 5 X X 4 70 .. 
() 15 15 7 50 5 .. 
() 20 5 X X 10 57 3 .. . . 
() 25 5 - 10 57 3 

FINE-GRAINED BIOTITE-TIT~~AUGITE GABBRO 

10 15 X 15 60 .. . . 
25 3 X 7 69 

() 10 10 X X 5 60 
() 10 20 5 X X 5 55 •• 

17 2 2 '3 75 .. 
30 10 - 10 48 
10 5 10 - 10 60 
10 10 - 10 68 

PORPHYRITIC OLIVINE-BIOTITE-TITANAUGITE GABBRO 

CM-69 3 10 . . 4 X X 8 54 14 4 2. 
CM-39-lH 1 9 . . 8 X X 8 58 12 2 1 
CM-39-3 2 10 4 4 63 10 3 2 

AUGITE SYENITE 

cr<t-81 5 1 X .. 2 10 80 
CM-288A 7 3 15 75 . . 
C11.-294A 10 5 X 7 20 56 .. 
Ci•!-315 6 1 10 X X 3 .. 1 
c ~~-39-1 3 2 3 X 1 90 . . 
Cilt- 53D 3 2 2 10 80 . . 2 

Cl) 

+" 
·r"l 
rn 

·r-l Cl) 
Q) 0 +" 
+" N •r-l 
· .-4 0 ~ 
+" s:: 0 ro ·r-l ,..-4 
p. rl ~ 
< (,) c.:> 

1 . . 
1 .. 
1 
2 . . 
1 2 3 
1 3 4 
1 2 2 
1 .. 2 

2 . . • • 
1 .. 
3 10 
4 . . 1 
1 . . 
2 
2 .. 
2 .. 

1 .. 
1 .. • • 
2 .. . . 
1 
1 .. 
2 
1 
1 .. 
1 .. 
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TABLE B-2 

ELECTRON MICROPROBE ANALYSES OF IGNEOUS ROCKS 
CHRISTMAS MOUNTAI NS, TEXAS 

COARSE-GRAINED, OLIVINE-BIOTITE-TITANAUGITE GABBRO 

298 144 77A 33- 14 39-6 80-CG 139B 

Si02 46.12 47.29 47.73 47.73 47-74 48.02 48-57 

Ti02 4-85 3-77 3.28 2.63 5-14 3-07 3.19 

A1 2o3 
18.64 18.79 18.82 21.49 19.03 19.64 20 .10 

FeO* 9-87 10.13 9.78 7-71 6.77 9-15 7.67 

MgO 4-04 3-91 3-46 2.90 4 -89 3-77 4-18 

CaO 11.74 10.31 11.48 12.28 12.15 10.61 10.67 

Na2o 3.36 4.13 3·79 3·58 3.40 3-93 3.90 

K2o 1.08 1.08 1.05 0.95 0.66 1.14 1.30 

P205 0.30 0.59 0.61 o. 73 0.22 0.67 0.42 

TOTAL 100.00 100.00 100 .00 100.00 100.00 100.00 100.00 

C. !.P. W. NORM -- MOLE PERCENT 

Or 6.43 6.41 6.27 . 5-61 3.93 6.76 7-67 
Ab 19.67 25-38 24.17 23.83 26.21 26.39 25-40 
An 33.00 29.68 31.45 39.88 34.85 32.65 33-42 
Wo 
Ac . . . . .. 
Di 19.17 . 14.23 17-48 13.13 19-33 12.55 13.29 
Hy •• 
01 7-75 10.65 8.66 7-31 5-39 10.55 9.21 
Lc . . .. 
Ne 6.51 7-12 6.08 5-04 2.63 5-40 5-69 
Ka . . .. 
La 
Mo .. 
Il 6.84 5-27 4.60 3.68 7.19 4.28 4·43 
Ap 0.63 1.24 1.29 1.52 0.46 1.41 0.88 

.Ns .. 

*Total iron determined as FeO 
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TABLE B-3 

ELECTRON MICROPROBE ANALYSES OF IGNEOUS ROCKS 
CHRIST~~S MOUNTAINS, TEXAS 

FINE-GRAINED BIOTITE - TITANAUGITE GABBRO 

276 109-5 83 53H 293 136 283 8oFG 

Si02 45-40 45-62 46.57 47.68 48.34 48.63 49.03 51.63 
TiO 4-19 . 4-10 4-40 3.21 3-31 3-42 2.99 2.56 
A1

6
6

3 
1).90 15.28 15.11 18.42 16.71 17-76 18-31 17-53 

Fe * 11.99 12.64 12.74 9.98 11.08 10.65 9.83 9.38 
i~gO 4-50 4· 21 3.82 2-99 3.62 4-23 3.18 2-93 
.CaO 10.30 11.30 10.76 9.86 8.72 .8.42 9.08 7-05 
Na{;O 4-33 3-91 4-03 5-86 5-13 4-48 4-75 5-27 
K2 1.57 1.65 1.42 1.49 1.82 1.60 1.73 2.67 

~6~~ 
1.82 1.29 1.15 0.51 1.27 0.81 1.10 0.98 

100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

C.I.P.W. NORM -- MOLE PERCENT 

Or 9-38 9-89 8-55 8.73 10.78 9-45 10.25 15.68 
Ab 21.92 17.19 23.24 19-57 28.13 30.44 30.16 34-65 
An 19.49 19-55 19.27 19.37 17.22 23.68 23-54 16.24 
Wo .. 
Ac .. . . 
Di 16.05 23.00 21.95 20.68 14.22 10.30 1l.45 9.81 
Hy .. 
01 13.02 10.77 10.17 6.56 11-59 13-73 10.59 10.55 
Lc 
~{e 10.39 11.06 8.14· 19.60 10.79 5-93 7-52 7-49 
Ka .. 
La . . .. 
;.ro 
Il 5-90 5-80 6.24 4·43 4.62 4-77 4-17 3'·55 
Ap 3.85 2-73 2-44 1.06 2.66 1.69 2.31 2.03 
Ns .. 
*Total iron determined as FeO 
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TABLE B-4 

ELECTRON NICROPROBE ANALYSES OF IGNEOUS ROCKS 
CHR!STI-1.1\.S lliOUNTAilJS, TEXAS 

PORPHYRITIC OLIVINE-BIOTITE-TITANAUGITE GABBRO 

Si02 Ti0
6 Al 

Feb*3 
r·iigO 
CaO 
Na

6
o 

K 
P20 
Tfu~L 

Or 
Ab 
An 
'\'lo 
Ac 
Di 
Hy 
01 
Lc 
Ne 
Ka 

39-3 69 

49-26 49.29 
2.12 2.31 

20.79 20.34 
8.09 8.00 
2.56 2.42 
9-15 8.60 
5.10 5-77 
1.93 2.28 
1.00 0.99 

100.00 100.00 

C.I.P.H. NORM- MOLE PERCENT 

11.32 
27.21 
27-91 .. 
8.48 

9-19 

10.89 

2-93 
2.07 

13.31 
24.82 
22.57 

10.49 

7.80 

15-77 

3.18 
2.04 

*Total iron determined as FeO 

39-1 

50.04 
1.95 

21.08 
7-38 
2.19 
8.74 
5-55 
2.16 
0.91 

100.00 

12.58 
27-55 
25.88 

8.84 

7.61 

12.98 

2.68 
1.88 
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TABLE B-5 

ELECTRON MICROPROBE &~ALYSES OF IGNEOUS ROCKS 
CHRISTI~lAs l'<IOUNTAINS, TEXAS 

SYENITE 

294A 315 81 288A 53D 39-lD 

Si.O 2 55-93 56-79 58-71 61.43 54.83 60.77 
Ti02 _ 1.15 1.54 0.71 0.56 1.25 0.83 
Al2o3 17.00 18.96 16 . 69 17-75 20.07 18.02 

FeO* 9-22 5-64 8:32 6.05 5·59 4-03 
~1g0 1.12 1.31 0.66 0.40 0.86 0.55 
CaO -4-30 3.40 3-21 2-57 3-24 1.84 
Na2o 7.08 6.40 6.68 6-53 6.85 6.56 

K20 3.80 5·53 4-77 4-54 7.08 7-24 

P205 0.40 0.43 0.25 0.17 0.23 0.16 

TOTAL 100 .00 100.00 100.00 100.00 100.00 100.00 

C.I.P.W. NORM -- MOLE PERCENT 

Or 22.10 31.96 27-78 26.36 40.53 41.66 
Ab 38.64 34-30 43-32 55-62 15-43 37-51 
An 3.33 6.53 1.45 5-65 3-02 
Wo .. 
Ac .. 
Di 12.08 5.8o 10.13 4-64 8.90 6.28 
Hy .. 
01 7.10 5· 31 6.34 5-41 3-43 2.48 
Lc .. 
Ne 14.35 13.14 9.48 1.21 26.54 9-97 
Ka .. 
La .. 
!·1o 
Il 1.58 2.09 0.98 0.76 1.69 1.12 
Ap 0.82 0.87 0.51 0.35 0.46 0.33 
Ns . . .. 

*Total iron determined as FeO 
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Figure B-1 Electron microprobe analyses of igneous rocks 
plotted on Harker variation diagrams 
a. A1

2
o

3 
against Si0 2 · 

b. Ti02 against Si02 
c. Total iron as FeO against Si0

2 
d. I>1:g0 against Si02 
e. CaO against Si02 
f. Na

2
o against Si02 

g. K
2
0 against Si02 

h. P 
2
o

5 
against Si0 2 
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Figure B-2 Electron microprobe analyses of igneous rocks, plotted 
as molecular proportions of total alkalies, total iron 
and magnesium. 
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Figure ~-3 Electron microprobe analyses of igneous rocks 
plotted as molecular proportions of calcium, 
sodium a~d potassium. 
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TABLE :S-6 

ANALYZED IGNEOUS ROCKS 
CHRIST!vlAS !v!Ol.J"NTAI NS, TEXAS ~ 

~ E-< 

~ "'"~ 
r£1 U) !;i 

r£1 
E-< «: ~ 8 r£1 

~ 
H ...::1 ~ ~ 0 

r£1 z 0 r£1 H E-< :><:: 0 «: H E-< E-< ~ 
::z; lr£1 ~ 8 8 8 H g r£1 U) 0 HO... ...::1 H U) E-< 
H ox H H r£1 r=:; § ~ 

:> H ...:l CIJ l.":il 0 co:: H 
:> ::z;o ::r:: E-< ::z; s ~ 0 {) «:0 ::r:: ...::1 .....:1 ~ H HP:: 0... 0 ~ """' 0... ffi <: ~.....:1 0... ~ ...::1 
.....:1 ...::1?-t ~ H ~ ...::~ 0 0... ...::~ t:::::l sg ::z; 0 0... 
0 oo.. ~ 0 ~ H U) 0... 0.. ~f:<. «: ::= <: 

CONTAMI NATED ROCKS DERIVED FROM COARSE-GRAINED GA:B:SRO 

C~1-6-3:B 50 .. . . 3 . . . . 35 10 2 

CM-29A 2 50 X X 1 1 5 32 1 7 1 

CM-293 70 X 1 2 2 22 .. 2 1 

CM-33-6 .. 55 X 1 2 . . 30 10 2 

CM-33-11 80 .. 5 X X 7 2 . . 4 1 . . 1 

CM-33-13 3 40 10 X X 15 16 .. 16 1 

cr~-29-70 30 2 X .. 1 3 . . 2 35 25 . . 2 

C' ft-28 X X X .. X X X X 

CONTAMINATED ROCKS DERIVED FROM FINE-GRAINED GA:B:SRO 

C!ll-85D 85 . . 3 . . 6 1 .. 5 

Cl•~-111FG 75 X . ~ 1 1 15 4 4 .. . . 1 

CM-lllCG 50 . . X . . 1 2 .. 25 17 5 

CM- 303-1A . . 30 .. . . 30 8 30 1 

C:VI- 320 2 7 5 1 X X 4 10 50 20 1 

C!Y!-141-4 25 2 5 .. 50 7 10 1 

Civl-141-8 . . 40 1 2 42 10 . . .. 5 

cr.-r-340 15 5 2 3 1 70 .. 2 2 

CONTAMINATED ROCKS DERIVED FROM PORPHYRITIC GA:B:SRO 

C:•1-33-12 2 32 tr tr X X 4 40 20 .. 1 

CM-40-4 2 20 1 6 . . 45 . . 25 •• 1 

Cl'!-40-6 . . 40 . . . . 1 1 27 15 15 .. 1 

CM-40-7 2 35 1 1 35 5 15 5 .. 1 

CM-41-6 1 20 X 4 1 65 .. 5 3 2 

CM-8-9 2 40 X X 6 .. . . 30 5 15 2 

CM-8-13 1 60 X 1 10 20 5 3 

Cl•1- 40- 8 . . 80 2 1 . . . . 15 .. . . 2 

CM- 41-2 1 55 X 1 1 .. 15 30 3 3 2 

c rft-62CB X . . . . . . X .. X . . 
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TABLE B-6 (CONTINUED) 
ANALYZED IGNEOUS ROCKS 

CHRISTlflAS I!lOUNTAINS, 'I'EXAS 

CONTAHINATED ROCKS DERIVED FROM COARSE-GRAINED GABBRO 

CM-6-3B WOLLASTONITE-~~PHELINE PYROXENITE 
Collected 1 meter from contact with skarn in Del Carmen 
Limestone. Sample contains small xenoliths of skarn 
that were analyzed separately (CM-6-3BX, Table C-7). 

CM-29A OLIVINE-WOLLASTONITE-NEPHELINE PYROXENITE 
CI1:-29B ANORTHITE-'tTOLLASTONITE-NEPHELINE PYROXENITE 
CM-29-70 AUGITE-NEPHELINE SYENITE 

Pyroxenite samples were collected within 1 meter of 
contact with skarn in Del Carmen Limestone. Sample 
cr~-29B contains small skarn xenoliths t hat were analyzed 
separately (CM-29BX, Table C-7). ANORTHITE in CM-29B is 
restricted to zone 2 mm in width, at contact with skarn 
xenolith. Sample CM-29-70 is from dike, 15 em in width, 
intruded along pyroxenite-skarn contact. 

CI~-33-6 WOLLASTONITE-NEPHELINE PYROXENITE 
Collected 30 em from contact with skarn in Del Carmen 
Limestone 

CII!-33-11 PLAGIOCLASE-NEPHELINE-BIOTITE PYROXENITE 
CM-33-13 OLIVINE-BIOTITE-NEPHELINE GABBRO 

CM-28 

CM-85D 

Collected 2 m and 3 m, respectively, from contact with 
skarn in Del Carmen Limestone 

WOLLASTONITE-NEPHELINE SYENITE 
Dike intrusive into pyroxenite at contact with skarn in 
Del Carmen Limestone 

CONTAMINATED ROCKS DERIVED FROM FINE-GRAINED GABBRO 

PLAGIOCLASE PYROXENITE 
Sample of 2.5 em wide dike intrusive into idocrase
wollastonite skarn in xenolith 

CM-lllFG NEPHELINE-PLAGIOCLASE PYROXENITE 
CM-lllCG NEPHELINE-ALKALI FELDSPAR PYROXENITE 

Pyroxenite in contact with skarn at north contact of 
xenolith (Figure 2, Chapter 5). C~!-lllFG is from 1-2.5 
em wide zone of fine-grained pyroxenite in direct contact 
with skarn. CM-lllCG is coarse-grained leucocratic 
pyroxenite sampled 3-13 em from skarn contact. 
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TABLE B-6 (CONTINUED) 
ANALYZED IGNEOUS ROCKS 

CHRISTKI\.S MOUNTAINS 1 TEXAS 

CM-303-lA NEPHELINE-DlbPSIDE-ANORTHITE-WOLLASTONITE ROCK 

Ciri-320 

Collected at contact with skarn in Santa Elena Limestone 

BIOTITE-OLIVINE-KAERSUTITE-AUGITE-NEPHELINE SYENITE 
Coarse-grained syenite intrusive into fine-grained 
gabbro, 5 m from skarn. 

CM-141-4 WOLLASTONITE-TITANAUGITE-NEPHELINE SYENITE 
CM-141-8 TITANAUGITE-i-."EPHELHi'E SYENITE 

CM-340 

Both samples from dikes intrusive into skarn xenolith. 

HOLLASTONITE-G.AR..'IIlET-TITANAUGITE-NEPHELINE SYENITE 
Dike 10 em wide, intrusive and idocrase skarn. Sample 
from float 

CONTA~ITNATED ROCKS DERIVED FROM PORPHYRITIC GABBRO 

CM-33-12 OLIVINE-NEPHELINE GABBRO 

CM-40-4 
CM-40-6 
Cift-40-7 
C?ri-40-8 

Sample from 30 em dike intrusive into pyroxenite derived 
from coarse-grained gabbro, 3m from skarn. 

OLIVINE-NEPHELINE GABBRO 
NEPHELI~~ GABBRO 
OLIVINE-1"EPHELINE GABBRO 
NEPHELINE PYROXENITE 
Samples collected from 2.5 m wide dike intrusive into 
Santa Elena Limestone. Septum of skarn, 2 m thick separates 
derivatives of porphyritic gabbro from pyroxenite derived 
from coarse-grained gabbro. Samples collected at following 
points in dike, measured from contact with skarn septum: 
40-4 200 em, 40-6 75 em, 40-7 40 em and 40-8, 6 em. 

41-6 OLIVINE-NEPHELINE GABBRO 
41-2 OLIVINE-WOLLASTONITE-NEPHELINE PYROXENITE 

CM-8-lB 
CM-8-9 

Samples collected from same dike as CM-40-n, but dike l.~m 
wide at this locality. Sample CM-41-6 collected 15 em 
below contact with skarn that is in contact with marble. 
Sample CM-41-2 collected 5 em from contact with skarn of 
the septu."'l. 

OLIVINE-ALKALI FELDSPAR PYROXENITE 
OLIVINE-NEPHELINE GABBRO 
Collected from dike l m thick, intruded into Sue Peaks 
Limestone (Figure 1, Chapter 5). CM-8-lA colleoted in 
contact with skarn. C~1-8-9 collected 45 em below skarn 
contact. 
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TABLE :B-6 (CONTINUED) 
ANALYZED IGNEOUS ROCKS 

CHRISTMAS MOUNTAINS, TEXAS 

Cfr1-62CB WOLLASTOUITE SYENITE 
Dike intrusive into skarn in Sue Peaks Limestone 
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TABLE B-7 

ELECTRON MICROPROBE ANALYSES OF I GNEOUS ROCKS 
CiffiiSTM.AS 1·10U1TTAD~S , TEXAS 

CONT.AHINATED ROCKS DERIVED FROM COARSE-GRAINED GABBRO 

33- 6 29.A 29B 33-11 28 29- 70 

s~o2 44-47 44-57 45.68 45-73 48 . 57 52.26 
T:!.O 3. 20 2. 09 2. 54 3.46 1.53 1.29 

~!&~3 13. 11 15- 33 13. 73 11.05 18 . 58 18. 92 
10. 38 7-46 8.78 11.65 4".85 4 -96 

l'·igO 4.05 4 . 30 4 .66 6. 80 1.04 l. 79 
CaO 17-98 16.62 17-49 15-70 15.64 7-44 
Na

6
o 3-72 5.01 3-93 2. 33 5.06 5-37 

K 1. 95 2. 84 1. 78 2.04 4.06 7.30 
?20 1.14 1. 78 1.41 1.24 0.67 0.67 
T61'~L 100.00 100.00 100. 00 100-00 100. 00 100.00 

C.I. P. H. .NOIDi-HOLE PERCENT 

Or 5-87 12. 24 21.46 41 .10 
Ab 1.64 
An 13.45 10.79 . 14 .61 13-94 15.75 5-83 
'rlo 2.46 2.28 14.43 
Ac 
Di 46.02 39-67 45 -87 45 . 60 16. 26 20. 77 
F.y 
01 7-31 0. 14 
Lc 9-32 13.24 3-71 l. 73 0. 81 
He 20.23 26 .62 21.17 11.75 26 .89 28.23 
Ka 
La 0.41 2.55 
Il'!o 0. )9 
11 4- 50 2.87 3-55 4.90 2.10 l. 75 
A-p 2.40 3. 67 2. 94 2. 63 1. 39 l. 36 
Us 

-l<'Tota1 iron determined as FeO 
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TABLE B-8 

ELECTRON !.UCROPROBE ANALYSES OF IGNEOUS ROCKS 
CHRIST~iA.S MOUNTAINS, TEXAS . 

CONTANINATED .ROCKS DERIVED FROr.l FINE-GRAINED GABBRO 

85D 111FG 303-1A . 141-8 320 . lllCG' 141-4 

Si02 39.02 46.60 47 ·74 47.80 48.69 50.37 52.13 
TiO 3.13 2.14 .. 1.04 1..56 3.30 1.47 1.92 

~;~3 4 .82 . 12.56 14.96 . 13.69 16.15 i6. 34 14.40 
14.90 10.00 5·41. 8.00 12.24 5-_96 6.21 

rt:gO 7·47 4.18 1. 73 3·97 3.03 3·54 0.91 
CaO 24.80 17.42 25. 54' 14.98 8.25 12.00 13.67 
J!a6o 0.86 3.83 2.45 5-49 5.05 4.18 5.61 

. K2 0.04 1.40 0.80 2.24 2.16 4-70 4.61 
p 0 4.96 1.87 0.33 2. 27· 1.13 1.44. 0.54 
Tfu~ 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

C. I. P. H. NORM-. I.fOLE PERCENT 

Or 8.36 4.76 13.08 12.87 27-44 26.99 
Ab .. 4.63 1.83 6.85 27-93 5.01 10.33 
An 9.62 13.08 27.81 . 6.07 15.12 11.84 0.50 
f[o 0.44 27-42 0.15 15.95 
Ac 
Di 53.85 48.52 23.73 41.87 14.89 30.18 18.71 
!I;y· ... 
01 5·29 11.57 1.27 
Lc 0.18 ... 
He 4. 86 18.01 12.27 25.12 10.61 19.27 23.76 
Ka. . .• 
La 
f·lo 10.80 
IJ. 4.56 3.01 1.46 2.15 4.63 2·02 2.66 
Ap 10.84 3· 95. 0.71 4.70 2.38 2.98 1.11 
:Ns 

*Total iron determined as FeO 
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TABLE B-9 

ELECTRON MICROPROBE ~~ALYSES OF IGNEOUS ROCKS 
CHRISTivlAS !~OUNTAINS, TEXAS 

CONTAI..UNATED ROCKS DERIVED FROM PORPHYRITIC GABBRO 

40-8 8-9 41-2 8-lA 40-6A 40-7 33-12 40-4 41-6 

Si02 43-44 44-84 44-86 45 .18 46.89 47.12 47.32 47.95 48.47 

Ti02 2.74 3-28 2.50 5·49 2.64 1.74 2.96 2.50 2.01 

A1 2o3 10.78 14.04 10.65 9.24 16.54 19.76 19.00 20.33 21.89 

FeO* 12-57 13.90 11.41 10.77 8.92 ·6.54 7-54 8.62 7. 39 

MgO 4.86' 3-51 4·43 3.50 3-12 2.64 3-99 2.54 1.49 

CaO . 19.65 13.80 17.84 19.76 15-49 15.88 14.20 9.83 11.06 

Na2o 2.84 ~ 3-38 3.81 1.90 3-40 3.81 3-50 4.68 5.04 

K20 1.27 1.63 2-47 2.36 1.80 '1.73 1.48 2-54 2.04 

P205 1.85 1.62 2.03 1.81 1.20 0.78 0.91 1.01 0.61 

TOTAL 100.00 100.00 100.00 100.00 100. 00 100.00 100.00 100.00 100.00 

C.I.P.W. NORM ~-MOLE PERCENT 

Or .. 9-85 14-47 10.74 10.19 8.73 14-91 11.96 

Ab 9.80 3.93 7.82 5-14 11.98 18.48 17-46 
An 13.19 18.76 4.72 10.14 24.78 31.61 31-71 26.87 30.83 

Ho 0.52 12.33 l. 77 •• 
Ac .. 
Di 50.87 32.41 53·42 38 .• 95 35-87 29-92 26.14 12.08 15.69 

Hy . . . . . . •• 
01 0.06 8.29 • .. o. 73 5-04 8.08 3.61 

Lc 6.15 11.79 .. 
Ne 15.62 12.75 20.75 8.29 13.80 17.34 11.64 14.01 16.41 

Ka . . . . .. 
La 0.25 . . .. 
rvro 6.28 . .. 
Il 3.90 4.67 3.52 7·95 3.71 2.41. 2.87 3.46 2.78 

Ap 3.94 3-46 4·29 3.94 2.54 1.62 1.90 2.11 1.26 

Ns . . .. 

*Total iron determined as FeO 
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Figure B-4 Electron microprobe analyses of contaminated 
igneous rocks plotted on Harker variation 
diagrams 

a. Al 2o3 
against Si02 

b. Ti02 against Si0 2 
c. Total iron·As FeO against Si02 
d. MgO against Si02 
e. CaO against Si0 2 
f. Na

2
o against Si02 

g. K
2
o against Si0

2 
h. P 

2
0 

5 
against Si02 



I
G
~
E
C
U
S
 
R
U
C
~
S
,
 

C
H

R
IS

T
M

A
S 

~
O
U
N
T
A
I
N
S
t
 
T
E
X
A
S
-
-
C
O
N
T
A
M
I
N
~
T
E
D
 

" 
2

.5
0

0
E

 
01

 
E

 
I G

 
rf

 
T

 ' .. L.
 

z.
oo

ue
 0

1
 

;.
 

z 
. 

0 ) 

l.
5

0
0

E
 

O
l 

l.C
O

O
E

 
O

l 
-

s.
co

oe
 o

o 
-

• 

• ••
• • 

• 

• 
• • • 

• 

• • 
• 

• 

• 
• 

• 
• • 

• 
• 

• 

.:>
. C

 
II

 I 
I 

I 
I 

I 
II

 I
I 

I 
I
ll

 I
ll

 I 
I 
II

 I
 I

I 
II

 I
 I

ll
 I

I 
II

 I
 I

ll
 I

ll
 I

I 
I
ll

 I
 I

I 
II

 I
ll

 I
 I

 1
1

1
1

1
1

 I
 I

ll
 I
ll
 I

ll
 I

 I
 I

I
I
I
I
 I

II
 I

 I
ll

 I
 I

ll
 I

ll
 I

 1
1

1
1

1
1

 

N
P

II
P

• 
!> 

3.
5C

O
E

 
O

l 
...

 so
oe

 0
1

 
s.

so
oe

 0
1

 
b

. 
5

0
0

E
 

O
l 

7
.5

0
0

E
 

0
1

 
s.

so
oe

 0
1

 

io
tE

l!
iH

T
 
~
 

S
IO

Z
 

V
o

l 
~
 

()
:)

 



0 .... ,_ 
< z 
X 
< ,_ 
z 
0 
u 
I 
I 

"" < 
>< .... ,_ . 
"' z .. 
..... 
z 
:::> 
a 
X 

. 
Vl 
~ 
..... 
0 
u. 

.... 
0 
0 
0 

I I I I I I 

, .. 
1·. 

··' 

· . : .... 

•-r·...--- •• 

0 
0 

w 
0 
0 
0 . 
CD 

I I I I 

349 

• 
• 

• 
• 

• .. • .. 
• • • • • 

• • • • • • • • 
• 

• 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

0 0 0 
0 0 0 

w w w 
0 0 0 
0 0 0 
0 0 0 . ., . 

N 

--
--

(\ . 
0 

... 
0 

.... 
0 
0 

"' . 
m 

.. 
0 

.... 
0 
0 

"' . ,... 

.. 
O ' 

w 
0 
0 

"' . .c 

... 
0 

w 
0 
0 
11'1 . 
"' 

.. 
0 

w 
8 
11'1 . 
~ 

.. 
0 

w 
0 
0 

"' . .., 

"' 
• 
~ 
C\. 
;;: 

"' 0 -.... 
" ... 
:r 
c.) ... 
w 
~ 



I
G
~

!:
C
U
S
 

R
:X

.K
S

, 
(

11
l{

I
S

T
H

.\
S 

M
ll
u~
IT

A
I
N
S
,
 

T
EX

.\
S

--
C

U
tH

A
H

lN
A

T
E

O
 

• 
:C

.S
O

:J
E

 
C

l 
E

 I c; It
 r ' • F 

z.
oo

oe
 0

1
 

E
 

0 

1
.5

00
E

 0
1 

-
• 

-
• 

\.-
'"'

 

• 
V

1
 

0 
• 

• 
••

 
• • 

• 
l.O

O
O

E
 

01
 .

 -
..

 
• 

-
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
s.

co
oe

 c
o 

-
• 

• 

o.
o 

I 
I I

 I
 I

 I
 I

 I
 I

 l
 I

 I
I 

l 
I 

I 
l 

I 
I 

I 
l 
ll

 I
 l

 l
 I

 I
 I

 l
 l

 l
 l

 I
 J

 J
 l

l
l 

I 
I 

I 
I 

I 
I 

J 
l 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

11
 I

 l
l 

I 
l 

I l
 I

 I
 I

I 
1'1

 I
 I

 l
 I

 l
 I

 I
 l

 I
 I

 I
 I

 I
 I

 I
 I

 I
 I

 I
 l

 I
I 

I 
I 

l 
I 

I 
I
I
 

:I
P

N
P

• 
5 

3.
S

C
C

E
 0

1 
it

,S
OO

E 
01

 
s.

so
oF

. 
01

 
o

.S
O

OE
 

01
 

7
.S

OO
E 

01
 

A
.S

C
OE

 
01

 

'· 
W

E
 I 

G
l1 

T
 

I 
S 

l 0
2

 



.. ~
 I G
 

H
 ' I ,. G
 

0 

tj
P

N
P

• 

IG
N

E
O

U
S 

R
O

C
K

S
, 

C
11

R
lS

T
M

S
 

H
O

U
N

T
A

IN
S

, 
T
E
~
A
S
-
-
C
O
N
T
A
M
I
N
A
T
E
O
 

2
.5

0
0

E
 

C
l 

- -
i .

 
l 

•.
 O

O
O

E 
O

l 
·'

-
..

 

-
....

 
r, 

-

t.
5

0
0

E
 

0
1

 

l.
C

O
O

E
 

0
1

 
-

• 
• 

• 

s.
oo

oe
 o

o 
• 
....

. 
.. 
. ... 

• 
• 

'• 
.. 

• 
• 

• 
• • 

• 
1

).
1

) 
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
 J

il
l 

II
 I 

I
I
I
I
I
 I

I 
I 
l
l
l
l
l
 J

il
l 

I 
lJ

 I
I 
l
l
l
l
 I

I 
II

 I
I
I
I
I
 J

l
l
l
l
l
l
l
l
l
l
l
l
l
l
 I

I 
J
il

l 
II

 l
l
l
f
 l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
 

5 
l.

5
0

0
E

 
0

1
 

4
.5

<
-0

E
 

O
l 

5
.5

0
0

E
 

O
l 

~
o
.
5
0
~
E
 

0
1

 
7

.5
0

0
E

 
O

l 
e.

so
oe

 o
t 

._
E

IG
H

T
 

1: 
SI

O
Z

. 

V
J
 

V
1

 



<I
 

E
 I G
 " ' l c 

:Z
.5

C
JE

 
C

l 

1 
:z

.o
a:

>e
 

0
1

 
0 

1
.5

0
0

E
 O

l 

l.O
O

O
E

 
0

1
 

5.
0C

O
E

 
CO

 

lG
\E

C
u

S
 

i<
O

C
K

S
, 

C
k

R
IS

T
H

A
S

 
11

0U
I;

T
A

1N
S

o 
T

E
X

A
S-

-C
O

N
T

A
H

IN
4T

E
:D

 

• 

• 
• 

••
 • •

 
• 

• 
• 

• 
• • 

• • 
• 

• 

• 
• • • 

• 

~.
 0

 
1 

II
 I

I 
II

 1
1

1
1

 1
1

1
1

1
1

1
1

 1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

 1
1

1
1

1
1

1
1

1
 I
I 

II
 1

1
1

1
1

1
1

1
 I

I 
II

 1
1

1
1

 1
1

1
1

1
1

1
1

 1
1

1
1

1
1

1
1

 1
1

1
1

 1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
 

II
F

N
i>

• 
~
 

3
.5

0
0

f 
•H

 
lo

.5
0

0
E

 
0

1
 

5
.5

0
0

E
 

O
l 

t>
.S

C
O

E
 

01
 

7
.5

0
0

E
 

O
l 

8
.5

0
0

E
 

O
l 

k
E

IG
H

T
 
~
 

S
lO

Z
 

L.
oJ

 
V

l 
1

\)
 



0 
IU ... 
<( 

z 
:z: 
<( ... 
z 
0 
u 
I 
I 

VI 
<( 

>< 
UJ .... . 
VI 
7. .. ... 
z 
::) 
0 
:z: 
VI ..., 
:z: ... 
VI 

a: 
:r 
u 

.. 
0 

IU 
n 
~ 
Q . 

I I I I I I I . I .1 I I I I I 

o. 
0 

W ' 
0 
0 
0 . 
CD · 

I I 

.. 
• 

I I 

0 
0 

w 
0 
0 
0 . 
-o 

353 

• .. 
• • 

• • 
• • ·• • 

I I I I I I I I I 

0 
0 

w 
0 
0 
0 

4' 

_, . -· ·-··· 

~ 

• • • 
• • • • 

• 

I I I ' I I I I I I I I I 

0 
0 

w 
0 
0 
0 . 
N 

. . -· 

• 

I I I 

0 . 
·0 

... 
0 

IU 
0 
0 

"' . 
CD 

.. 
0 

w 
0 
0 

"' . 
~ 

... 
0 

w 
0 
0 
II\ . 
~ 

w 
0 
0 
II\ · . 
II\ 

... 
0 

w 
0 
0 

"' 
..r 

.. 
0 ... 
0 
0 
il\ . .... 

"' 
• 
~ ... 
"' 

I. 

::1 -"' 
w 
... 
X 
1.3 -... 
;s 



• 
t.

cc
ct

: 
0

1
 

E
 

l ' H ' ' I(
 

Z
 

8
.C

O
C

E
 

C
C

 
!)

 
. 6

.0
0

0
E

 
0

0
 

lt
.O

O
O

E
 

0
0

 

z.
oc

oe
 o

o 

·)
.
 ')

 

IG
N

E
O

U
S 

P
O

C
K

S
, 
C
H
R
I
S
T
~
S
 
~
C
U
N
T
A
I
N
S
,
 
T
E
~
A
S
-
-
C
O
N
T
A
M
I
N
A
T
E
D
 

• 

• 
• 

• 
i 

.
I 

• • 
• ••

 
• 

• 
.. 

• 
• 

• 
• 

• 
• 

• 
• 

• 

I 
II

 I
 I

 I
 I

 I
 •

 I
I 

II
 I

I 
II

 I
I 

II
 I

I 
II

 I
I 

I I
 I

I 
I 

I 
II

 I
 I

 I
 I

 I
 I

 I
ll

 I
I 

I 
1

1
1

1
 I

 I
ll

 I
 I

 I
ll

 1
1

1
1

1
1

 I
 I

 I
I 

II
 I

 I
 I

I 
I I

ll
 I

ll
 I

 I
I 

I 
I
I
I
I
I
 I 

II
 I

 1
1

1
1

1
 

t
~
p
~
,
P
•
 

~
 

3
.5

0
C

E
 

01
 

~
o
.
s
o
o
e
 
ot

 
~
.
s
o
o
e
 

01
 

6
.5

0
0

E
 

O
l 

7.
so

oe
 0

1 
a.

so
o

e 
o

t 

W
E 

I 
C

liT
 
~
 

S 
I O

Z 

V
J
 

V
l 

_;
:,.

 



IG
N

E
O

U
S 

R
llC

.t<
.S

, 
C

H
R

IS
T

M
A

S 
M

::J
\J

N
T

b.
IN

S
o 

T
EX

A
S

-
-C

O
N

T
A

H
IN

A
T

E
O

 

.. 
S

.C
O

VE
 

::c
 

-
• 

e l 
-

G
 

-
H

 t ' p 2 
..

. 
~
C
;
J
E
 

C
O

 
::J

 s 
-. 

J.
O

O
O

E
 

0
0

 
-

• 

Z
.C

O
O

E
 

0
0

 
• 

• 
• 

• •
 • .. 

• 
• 

• 
• 

•·
 

• 
l.

G
C

O
E

 
0

0
 

• • 
• 

• 
• 

• 
• 

. \
 

• 
...-

o.
c 

l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
.
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
 

!4
F

t.
P

s
 

s 
!
. 

5
0

0
E

 
O

l 
4

,5
0

0
E

 
O

l 
s.

so
oe

 0
1

 
b

.5
0

0
E

 
O

l 
7

.5
0

0
E

 
O

L 
a.

so
oe

 0
1 

W
EI

 G
H.

T
 

l 
SJ

 0
2

 

\...
o-1

 
V

1
 

V
1

 



356 

Figure B-5 Electron microprobe analyses of contaminated 
igneous rocks, plotted as molecular proportions 
of total alkalies, total_ iron and magnesi~~. 
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Fi~~re B-6 Electron microprobe analyses of contaminated 
igneous rocks plotted as molecular proportions 
of calcium, sodium and potassium. 
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APPENDIX C 

ELECTRON MICROPROBE ANALYSES OF 

CALC-SILICATE ROCKS AND MINERALS 
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TABLE C-1 

ANALYZED SAMPLES FROM SKARN 
CHRISTi'tiAS ~!OUNTAINS , TEXAS 

Distance 
From 

Pyroxenite · Mineral Intrusive Contact 
Sample (em) Assemblage* Formation+ Rock0 Relation** 

8-lE 0-l 1 KSp PG MC 

8-lA 2-4 2 KSp PG ' MC 

8-lC 4-6 3 KSp PG MC 

8-2 13-17 4 KSp PG MC 

8-3B 33-35 8 KSp PG MC 

8-3 38-42 8 KSp PG ~c 

8-3C 39-41 8 KSp PG fv1C 

8-3D 43-45 9 KSp PG !viC 

8-3E 48-51 9 KSp PG MC 

8-3F 53-57 9 KSp PG MC 

8-4 57-61 9 KSp PG MC 

8-7A 76-79 13,15 KSp PG r~c 

8-17 290 13 "KSp PG MC 

8-19 ?50 9 KSp PG MC 

103-6Ap~ 0-2 3 KSe FgG XL 

103-6A 2 2-4 4 KSe FgG XL 

103-6B 6-10 5 KSe FgG XL 

103-5 13-17 5 KSe FgG XL 

103-4 41-45 5 KSe FgG XL 

103-2 65-76 9 KSe FgG XL 

103-3/3 79-86 13 KSe FgG XL 

108 250 10,14 KSe FgG XL 

104_:2A 2 3 · KSe FgG XL 

104-2B 6 4 KSe FgG XL 

104-1 40 8 KSe FgG XL 

319 46 5 KSe FgG II!C 

321 70 9 KSe FgG MC 

86 200 8 KSe FgG XL 

91 60 15 KSe FgG XL 
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TABLE C-3 

ELECTRON MICROPROBE ANALYSES OF CALC-SILICATE MINERALS 
CHRISTrt.AS r.TOUNTAINS, TEXAS 

Mineral w H R K L s 

Sample 33-6 8-lB 8-3 8-3 273-5 8-4 

Si02 51.23 50.88 41.65· 41·34 34.51 26.08 

Ti02 
0.20 0.12 0.03 0.02 0.01 o.oo 

Al 2o3 
0.06 0.03 0.05 0.03 o.oo 0.04 

FeO 1.85 0.39 0.23 0.25 0.05 0.12 

It!nO 0.31 0.22 0.02 0.03 o.oo 0.04 

MgO 0.30 0.13 0.04 0.06 0.02 0.03 

CaO 45.88 47.66 57.72 57·44 63.98 60.16 

Na2o 0.02 0.01 0.03 0.02 0.55 0.23 

TOTAL 99.85 99-44 99.77 99.19 99.12 87.70 

Cation Sum 2.0 2.0 5·0 5·0 3.0 7.0 

Si 4+ 0.995 0.990 2.004 2.001 0.993 2.002 
Ti 4+ 0.003 0.002 0.001 0.001 o.o o.o 
Al .3+ 0.001 0.001 0.003 0.002 o.o 0.004 
Fe 2+ 0.030 0.006 0.009 0.010 0.001 0.008 
Mn 2+ 0.005 0.004 0.001 0.001 0.0 0.002 
Mg 2+ 0.009 0.004 0.003 0.004 0.001 0.004 
Ca 2+ 0.955 0.993 2.976 2.979 1.973 4·947 
Na + 0.001 0.001 0.003 0.002 0.031 0.034 
Oxygen 2.999 2.992 7.005 7.002 3.978 8.987 

V1 "" wo llaotoni te, R .. rankinite, K = kilchoanite, L .. larnite and 
S "" spurrite 
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TABLE C-4 

ELECTRON MICRDPROBE ANALYSES OF ORTHOSILICATES FROM SKARN 
CHRISTMAS MOUNTAINS, TEXAS 

Mineral MO I•lE r~ ME "T" 

Sample 108 108 91 8-7A 273-5 
SiO 37-20 37.16 37-47 36.65 34-97 
A1

6
6

3 
o.o 0.01 0.04 o.o 0.03 

Fe 11.80 1.88 1.81 1.54 2.92 
i·tnO 0.44 0.03 0.01 o.oo 0.08 
MgO 16.20 11.07 11.33 11.28 4-30 
CaO 36.04 50.63 49.86 49.84 56-94 
Na~O 0.01 0.14 0.10 0.11 0.43 
TO AL 101.69 100-93 100.68 99-42 99.67 

Cation Sum 3.0 6.0 6.0 6.0 3.0 

Si 4+ 1.013 2.031 2.051 2.029 0.991 
A1 3+ o.o 0.001 0.002 0.0 0.001 
Fe 2+ 0.269 0.086 0.083 0.071 0.069 
Mn 2+ 0.010 0.001 0.003 o.o 0.002 
Mg 2+ 0.657 . 0.902 0.924 0.931 0.182 
Ca 2+ 1.051 2.964 2.924 2.957 1.730 
Na + o.o 0.015 0.011 0.012 0.024 
Oxygen 4.013 8.024 8.047 8.024 3.981 

~flO = monticelli te, f-!E = merY.Tini te and "T" : phase "T" 
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TABLE C-7 

ELECTRON MICROPROBE ANALYSES OF SKARN 
CHRISTMAS Iv'!otJNTAINS, TEXAS 

Sample 
Int erval (CM) 
Assemblage 3 Densit y (gm/cm ) 
Si02 Ti O 
Al/\ 
FeO 
MgO 
CaO 
Na 0 
TOfAL 

6-6MA 
100 

13 
2.978 

27.85 
0.12 
0.10 
2.22 
0.10 

69.13 
0.48 

100.00 

6-6MB 
100 

13 
3.045 

28.94 
1.13 

11.91 
4·53 
1.46 

51.08 
0.94 

100.00 

273-5 
30 
6,7 
3.116 

30.34 
1. 72 

12.70 
4.18 

' 2.26 
48.01 
0.80 

100.00 

6-3BX 
0-3 
1 
3.209 

36.70 
1.94 

19.72 
6.05 
1.93 

32.85 
0.81 

100.00 

29BX 
0-3 
1 
3.174 

37.32 
1.36 

17.48 
6.12 
2.83 

35·38 
0.51 

100.00 
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TABLE C-7 

ELECTRON MICROPROBE ANALYSES OF SKARN 
CHRISTMAS MOUNTAINS, TEXAS 

Samnle 8-lA 8-lC 8-2B 8-3B 8-3 8-3C 
Int~rval (em) 2-4 4-6 . 13-17 33-35 38-42 39-41 
Assembl{!-ge 2 3 4 8 8 8 
Density (gm/em3) 3.039 3.052 3.129 3.066 3·056 3.047 

Si02 40.42 44·54 37.65 33.66 32.69 33.33 

Ti02 1.66 0.58 0.41 0.75 0.68 0.46 

Al2o3 7·41 7.02 13.65 15.88 16.46 14.08 

FeO 7.16 3.69 4·24 4·87 4·77 4·43 

!tigO 1.05 0.66 0.92 1.84 1.77 1.62 

CaO 42.24 43·45 43.05 42.45 43.18 45.62 

Na2o 0.06 0.06 o.o~ 0.55 0.51 0.46 

TOTAL 100.00 100.00 100.00 100.00 100.00 100.00 

Sample 8-3D 8-3E 8-}F 8-4 8-?A 
Interval (em) 43-45 48-51 53-57 57-61 76-79 
Assemblage 9 9 9 9 13,15 
Density 3.041 3·057 3.120 3.099 2.913 

Si02 30.23 ' 30.17 30.26 30.67 22.94 

Ti02 0.42 0.52 0.75 0.54 0.34 

Al 2o3 12-56 11.29 12.98 11.92 6.50 

FeO 3-21 3·57 5.08 3·59 1.96 

Ill gO 1.57 1.69 1.77 1.61 1.83 

CaO 51.56 52.21 48.94 51.41 66.15 

Na2o 0.44 0.54 0.22 0.26 0.29 

TOTAL 100.00 100.00 100.00 100.00 100.00 
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TABLE C-8 

SPECTROGRAPHIC DETEmHNATION OF ZI RCONIUM IN 
LIMESTONE , SKARN, PYROXENITE, GABBRO A."'D SYENITE 

CHRISTMAS MOUNTAINS , TEXAS 

- E.Bi ngham, Analyst -

SAMPLE ROCK TYPE PPM ZR 

39- 6 Cg Gabbro 100 
1 36 Fg Gabbro 140 

39- 1 Por ph . Gabbro 260 
294A Syenite 370 

29B Pyroxenite 280 
8-lA Pyroxenite 450 

29- 70 Neph Syenite 460 
141-4 vlo-Neph Syenite 450 

8-lA rlo:...skarn 260 
8- lC vlo- Skarn 280 
8- 2 Wo-Skarn 13 0 
8- 3B Ra- Sp Skarn 270 
8- 3D Sp Skarn 110 
8- 4 Sp Skarn 130 
8- 7A Sp-Ca !1farble 55 
8- 19 Sp Skarn 79 

336-1L Sue Peaks Ls . 85 
336- 1D Sue Peaks Ls . 71 
103-6A( l) Ho-Skarn 240 
103- 6B Ho- Ra Skar n 69 
103- 5 Wo- Ra Skarn . ( 70 
103- 4 '\-lo-Ra Skarn 93 
103-2 Sp Skarn 190 
103-3!3 Sp-Ca Skarn 33 

29BX 1-lo-Skarn 95 
335- 2 Santa Elena Ls. < 20 
332 Del Carmen Mbl . < 20 



Sample 

Si02 TiO 
A1

6
6

3 Fe 
MgO 
CaO 
N~O 
T AL 
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TABLE C-9 

ELECTRON MICROPROBE ANALYSES OF SUE PEAKS LIMESTONE 
CHRISTY.AS r10UNTAINS , TEXAS 

336-lD 336-lL 336-2 8-17 8-19 

23-49 31-48 31-39 26.30 30.88 
0.33 0.38 0.36 0.38 0.31 
9.00 11.03 12.93 7.28 10.95 
2.00 2.63 3.02 2.84 2.31 
1.98 3-32 4·74 1.74 1.61 

62.78 50.74 47.36 61.15 53· 56 
0.42 0.42 0.19 0.30 0.37 

100.00 100.00 100.00 100.00 100.00 

SEMIQUANTITATIVE SPECTROGRAPHIC ANALYSES OF LIMESTONE 
CHRIST~~S MOUNTAINS, TEXAS 

Si02 TiO 
A1263 FeO 
i1g0 
CaO 
Na20 
TOTAL 

E. Bingham, Analyst 

Del Carmen Santa Elena 
332 335-2 

2.6 
c:::::. 0.006 

0.4 
0.1 
4·7 

92.2 
<:::. 1 

100.0 

7.1 
< 0.006 

1.4 
. 0 .l 
. 2.5 
89.0 

< l 
100.0 


