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Abstract

Emplacement of a composite stock of alkali gabbro and syenite into l imestone in the
Christmas Mountains produced a narrow reaction zone at the contact, consisting of wollasto-
nite-nepheline pyroxenite and a mineralogically-zoned calc-sil icate skarn. The sequence of
prograde mineral assemblages across skarn and contiguous marble is meli l i te * wollastonite,
meli l i te * rankinite * spurrite, meli l i te * spurrite, and melil i te * spurrite * calcite *
merwinite, and defines a mineral facies in P-T-Xco".

Lithostatic pressure at the time of gabbro emplacement varied with position in the aureole
from 325 to 355 bars. In the presence of pure fluid CO, crit ical assemblages in skarn, marble,
and calc-sil icate nodules that define maxirnum temperatures in the aureole are

calc i te  *  mel i l i te  *  merwin i te 1035oC l  4  m

rankin i te  *  spurr i te  1030oC 7.5 m

rankin i te  *  t i l ley i te  990oC 16 m

wol lastoni te *  t i l ley i te  930oC 3l  m

wol lastoni te *  ca lc i te  600"C 100 m

At maximum dilution of the fluid, Xco" : 0.6 in nodules, Xco" : 0.2 in skarn, and temper-
atures are lower by 40 to 100'C.

Introduction

Emplacement of a composite stock of alkali gab-
bro and syenite into Lower Cretaceous limestone in
the Christmas Mountains (lat. 29'26'N; long.
103'27'W) produced a narrow reaction zone at the
contact and an extensive marble aureole. The reac-
tion zone consists of wollastonite-nepheline pyroxen-
ite formed by contamination of gabbroic magma
and a mineralogically zoned calc-sil icate skarn,
formed by diffusive exchange of material between
feldspathic magma and carbonate wallrock (Joesten,
1974a). Mineral assemblages in skarn and adjacent
calc-sil icate marble at the intrusive contact and in
xenoliths enveloped by gabbro record temperatures
in excess of 1000'C, and assemblages of calc-sil icate
nodules in marble record temperatures exceeding
900'C within 40 m of the intrusive contact (Joesten,
1974b). The establishment of temperatures in the au-
reole that approach that of the magma solidus im-

plies that magmatic convection was the dominant
mode of energy transport within the intrusion, heat
conduction was the dominant mode of energy trans-
port within the aureole, and that the convective cy-
cling of meteoric-hydrothermal water through the
aureole (Taylor, 1974) did not occur, at least during
the peak of metamorphism.

Mineral facies of skarn

Skarn occurs in a band, 0. I to I m thick, that
separates pyroxenite and marble along the intrusive
contact and forms a rim on marble xenoliths in gab-
bro. Mineral assemblages in skarn and calc-sil icate
marble are l isted in Table l. A generalized sequence
of prograde mineral zones developed across skarn
and marble is:

idocrase * wollastonite

meli l i te * wollastonite
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Tesln l .  Mineral assemblages in skarn and marble, Christmas Mountains, Texas

Assenb lage  No . |  2  3  4  5  6  7  I  9  l 0  l l 1 2  1 3  1 4 l 5
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Ca l  c i  t e
T i l l e y i t e
Spurr i  te
La rn i  t e
Rank i  n i  t e
t , lo l  lastoni  te
B red ig i  t e
Merwi  n i  te
M o n t i c e l l i t e
M e l i l i t e
Idocrase
Grossu l  a r
Ti  -Zr  Garnet
Perovski  te
Magnet i  te

* Idocrase, pseudomorphous
assembl age.

a f te r  me l i l i te ,  may occur  in  any  rne l i l i te -bear ing

melil i te * rankinite * spurrite t wollastonite

mel i l i te  *  spurr i te

melil i te * spurrite * calcite t merwinite

Titanian-zirconian andradite, perovskite, and mag-
netite are accessory phases in most skarn assem-
blages. The composition of meli l i te ranges from
AKr rFeAKroGEu ,  i n  wo l l as ton i t e  ska rn  t o
AKs.FeAK.rGE,u in marble. Assemblages in Table I
involving monticell i te (10, l4) are interpreted as
being retrograde in origin, and those assemblages
with larnite (6, 7), which occur only in rocks of a

septum between two gabbro bodies, result from poly-
metamorphism. Idocrase, pseudomorphous after
melil i te, occurs locally in all skarn assemblages, and
is the result of low temperature (f <600'C) hydro-
thermal activity (Joesten, 197 4c).

To a first approximation, the mineral assemblages
in skarn and marble can be described by phases in the
system CaO-MgO-FeO-ALOs-SiOr-COr. The ubi-
quitous accessory phases-garnet, perovskite, and
magnetite-which contain Fe2O3, TiOl and ZrO",
rarely exceed 3 volume percent and are not included
in the graphical presentation. If i t is assurped that

each assemblage equil ibrated with a fluid in which the

chemical potential of CO, (trr"o,) was controlled ex-
ternally, CO, may be treated as an environmental
rather than compositional variable, and the number
of graphical components can be reduced to five. MgO
and FeO can be combined as a single component for

the purpose of graphical portrayal of the five-com-
ponent system on a tetrahedron without loss of gen-

erality, because in most assemblages melil i te is the

only phase in which they occur. In those assemblages

in which melil i te coexists with monticell i te andlor

merwinite, no crossing tie-l ine relationships arise that

are attributable to this simplif ication.
Although assemblage zoning is the result of diffu-

sional exchange of Ca, Fe, Al, and Si between magma

and wallrock, the set of all prograde assemblages that

comprise skarn and contiguous marble defines a

mineral facies in the system CaO-(MgO + FeO)-

Al,Os-SiO,-CO, (Fig. l). To the extent that min-

eral assemblages representing the bulk composi-

tions of the skarn zones are sensitive to variation in

P, T, and Fco,, conditions of skarn growth were iden-

tical at the intrusive contact and within xenoliths

enveloped by gabbro.

Estimate oI P, T, and Xsq,

Stratigraphic estimate of lithostatic pressure

Cross-cutting relations indicate that the rocks of

the gabbro complex are the oldest of a series of

intrusive and extrusive igneous rocks in the western

part of the Christmas Mountains (Bloomer, 1949;

Swadley, 1958; Jenkins, 1959). Folding and uplift of

the range predated gabbro emplacement or was syn-

chronous with it. Sedimentary and volcanic rocks of

early Tertiary age accumulated in a basin bounded on

the west by the,Christmas Mountains uplift (Maxwell

et  a l . ,1967,p.  300) .  I t  is  thus l ike ly  that  the maximum

thickness of strata overlying the contact aureole at

the time of gabbro emplacement was that of the

Cretaceous section. The total thickness of Cretaceous

strata in the Christmas Mountains, from the base of

the Sue Peaks Formation to the top of the Javelina
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F c + M g
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Ftc L Mineral facies defined by prograde assemblages in skarn
and marble Composi t ion of  mel i l i te (AK + FeAK.oGE.o) is  pro-
jected from Al onto the Ca-(Fe + Mg)-Si face of the Ca-(Fe *
Mg)-Al-Si  tetrahedron.  Tie l ines to mel i l i te are shown vanishing to
a point  to a id in the v isual izat ion of  the four-phase volumes

Formation, is 1345 m. This is based on unfaulted
segments of the sections measured by Bloomer (1949)
and extrapolations of sections measured to the south
and east  of  the range by Maxwel l  e t  a l .  (1967).  Using
a rock density of 2.7 g/cm9, the l ithostatic pressure at
the base of the Sue Peaks Formation was 355 bars.
Upper and lower l imits to the estimated l ithostatic
pressure, corresponding to the maximum and min-
imum total stratigraphic thicknesses in the Big Bend
region (Maxwell et al., 1967), are 390 and 250 bars,
respectively. Skarn was sampled from the base of the
Sue Peaks Formation (location 32573eoN/0650460E

1000-m Universal Transverse Mercator Grid, Christ-
mas Mountains (7t/z') quadrangle) and from a xeno-
lith of Santa Elena (?) Limestone in gabbro, 75 m
stratigraphically above the base of the Sue Peaks
Formation (location 32562?0N/0650000E). Lithostatic
pressure acting on the xenolith was 335 bars. The
calc-sil icate nodules (Joesten, 1974b) were collected
from Santa Elena Limestone, I l5 m stratigraphically
above the base of the Sue Peaks Formation. The
corresponding l ithostatic pressure was 325 bars.

Estimate of P,T andXg6,for system CaO-SiO"CO,

Correlation of mineral facies of skarn and of the
calc-sil icate nodules with phase equil ibrium data for
the system CaO-SiOr-CO, (Zharikov and Shmulo-

vich, 1969; Joesten, 1974b) places narrow limits on P,
T, and fluid composition during skarn and nodule
growth. In the presence of pure fluid COr, the coexis-
tence of rankinite * spurrite in skarn indicates a
maximum lithostatic pressure of 500 bars, confirming
the stratigraphic estimate, and at pressures of 325 to
355 bars l imits the temperature of skarn growth to a
range of 995 to 1030"C (Fig. 2). The inferred coexis-
tence of rankinite * t i l leyite in calc-sil icate nodules in
the aureole within 16 m of the intrusive contact (Joes-
ten, 1974b, p. 884) imposes a lower l imit of 140 bars
lithostatic pressure in presence of pure fluid COr,
restricts the composition of the fluid in the vicinity of
a growing nodule to one in which Xgs, woS greater
than 0.6 at 325 bars, and places a lower l imit of
920"C for metamorphism within l6 m of the gabbro
contact (Joesten, 1974b, Fig. 5). At 920'C and 325 to
350 bars, the stabil ity of rankinite * spurrite relative
to larnite requires Xgo" in fluid in skarn to have been
greater than 0.2. The lack of evidence for melting of
calcite places a similar lower l imit on Xg6, (Wyll ie and
Haas, 1966, p. 528). In the presence of pure fluid CO,
at 325 bars, the coexistence of wollastonite * t i l leyite
in a calc-sil icate nodule 3l m from the contact in-
dicates a temperature of 930'C, and the coexistence
of wollastonite * calcite in nodules indicates a tem-
perature of600'C was attained 100 m from the con-
tact (Joesten, 1974b).

Equilibria inuoluing merwinite

The assemblage spurrite * calcite * meli l i te *
merwinite of calc-sil icate marble in contact with
skarn confirms the high temperature of skarn growth.
The presence of merwinite as inclusions in meli l i te
suggests that merwinite was formed in marble by a
reaction similar to

CaCO3 *  CazMgSi2OT :  Ca3MgSirO'  *  COr.  (1)
calcite akermanite merwinite

Although merwinite coexists with spurrite in marble,
the experimentally determined P-T curve for this re-
action (Shmulovich, 1969) l ies within the ti l leyite
field (Fig. 2). Although the assemblage spurrite f
calcite * merwinite * meli l i te occurs in marble of the
Sue Peaks Formation only within 1.4 m of the py-
roxenite-skarn contact, calc-sil icate layers with the
assemblage rankinite * spurrite -| meli l i te occur in
Sue Peaks marble to a distance of 7.5 m from the
contact. These observations require that the merwin-
ite-producing reaction l ie near the high temper-
ature l imit of the coexistence of rankinite * spurrite.

Electron microprobe analyses of coexisting melil i te

WOLLASTONITE
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Frc '  2 '  P 'T diagram for  system Cao-Sior-Cozdrxgs,  = I  ( f rom Zhar ikov and Shmulovich '  1969'

and Joesten,  1974b).  Curves for  univar iant  react ion ( l )  (heavy sol id l ine)  and divar iant  react ion (2)

(heavy dashed l ine,  number g ives mole f ract ion CarMgSirO, in mel i l i te)  are super imposed. Mineral

n a m e s : W : w o l l a s t o n i t e ( C a S i O . ) , R = r a n k i n i t e ( C a r S L O , ) , L = l a r n i t e ( C a , S i O n ) , S : s p u r r i t e
(CauS i rO6CO3) ,T : t i l l e y i t e (CauS i ,O" (COs) r ) ,C : ca l c i t e (CaCO. ) ,A=ake rman i t e (CazMgS i ,O ' ) 'M=

merwini te (Ca.M gSirO.) .

and merwinite (Table 2, analyses by method de-
scribed in Joesten, 1974c, p. 696) show that neither
phase has the Mg end-member composition. The co-
existence of calcite * meli l i te * merwinite may result
from reaction of calcite with a meli l i te solid solution
to form merwinite * gehlenite,

X CaCOs *  CazMg,Al2-2,Si r* ,O? :  X Ca3MgSirOg
calc i te  mel i l i te  AK,GET-"  merwin i te

+ (1 - X)Ca,Al"SiO? + X CO'-, (2)
gehleni te

or by a similar reaction involving exchange of Fe and
Mg between melil i te and merwinite to produce meli '

l i te enriched in Al and Fe. Solid solution in meli l i te
on the left-hand side of reaction (2) shifts the equil ib-
rium to higher 7 or lower P. An estimate of the shift
of the P-Z coordinates of reaction (2) due to ideal
solid solution in meli l i te can be obtained by solving
the equil ibrium constant expression for the fugacity
of COz necessary for equil ibration with meli l i te of a
specified mole fraction AK at a given T (Frg. 2).
Meli l i te coexisting with merwinite + calcite (Table 2,
samples 8-7A and 108) has a composition of
AKroFeAKorGEur. At 350 bars, merwinite is stable
relative to calcite * meli l i te (AKr') at approximately
1060"C (Fig. 2). The effect of solution of Fe in mer-
winite (Mgl(Mg * Fe) : 0.9) coexisting with meli l i te
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(AKro) is to lower the equil ibration temperature to
1035 'C  a t  350  ba rs .

In Santa Elena (?) marble from the core of a xeno-
lith from gabbro (Sample 108, Table 2), merwinite is
separated from calcite by an optically-continuous rim
of  e i ther  spurr i te  or  mont ice l l i te .  Vermicular  in ter-
growths of spurrite and monticell i te enveloped by an
optically-continuous rim of spurrite also occur. The
textura l  incompat ib i l i ty  of  ca lc i te  and merwin i te and
the vermicular intergrowths of spurrite and mon-
ticell i te suggest that these four phases are related by
the reaction defining the low-temperature l imit of
coexistence of calcite * merwinite,

2 CaMgSiO4 + Ca5Si2OsCO3
mont ice l l i te  spurr i te

: '?:Xiil:o' * ii[?:: (3)
which runs to the r ight  at  820"C and 60 bars and has
a s lope of  about  90 bars/ .C (Wal ter ,  |  965) .  Al though
the inferred four-phase assemblages in marble, spur-
r i te  *  ca lc i te  *  mont ice l l i te  *  mel i l i te  and snurr i te  *
mont ice l l i te  *  mel i l i te  *  merwin i te,  are stable on the
low-temperature side of reaction (3), their probable
derivation from the prograde assemblage spurrite *

calcite * meli l i te * merwinite rigorously indicates
that the temperature in the core of the xenolith ex-
ceeded 820'C regardless of the fluid composition.

Summary of maximum temperatures attained in the
aureole

In the presence of pure fluid COz at325to 355 bars
lithostatic pressure, assemblages defining maximum
temDeratures in the aureole are

calc i te  *  mel i l i te  f  merwin i te

rankinite * spurrite

rankin i te  *  t i l ley i te

wol lastoni re *  t i l ley i te

wol lastoni te *  ca lc i te

At  maximum di lu t ion of  the f lu id,  X6e" :  0 .6 in
nodules,  Xco" :  0 .2 in  skarn,  and tempeiatures are
lowered by 40 to 100'C.

Heat transfer in the marble aureole

Assuming s imi lar  f lu id composi t ion,  the temper-
ature of  skarn growth was essent ia l ly  the same at  the
intrusive contact and in xenoliths enveloped by gab-
bro ic  magma, and was in the range 920 to 1035'C.

l 0 3 5 o C  1 . 4  m

l030oc  7 .5  m

990oC 16  m

930oC 31  m

600oC 100 m

Teslp 2.  Electron microprobe analyses of  calc-s i l icate minerals f rom marble

Sampl e
M i  ne ra l  *
Assemb lage t

s i0 ,
Ti  0 i
A1 ^0-

. J

Fe0
Mn0
Mgo
Ca0
Naro
I -

Ca t i on  sum

si  4+
A l  3+
Fe 2+
Mn 2+
Mg 2+
Ca 2+
N a +
0 ? -

8- 7A
MEL  MER

9t 108
MEL MER MO

t 0t 5  1 5

Weight  % ox ide

3 l  .  29  36 .  65  29  .07  37  .47
0 . 0  0 . 0  0 . 0 1  0 . 0

2 2 . 0 6  0 . 0  2 3 . 5 5  0 . 0 4
2 . 1 3  I  .  s 4  2 . 0 9  1 . 8 1

. .  0 . 0  0 . 0 2  0 . 0 7
4 . 8 4  I 1 . 2 8  3 . 9 4  I l . 3 3

39. 08 49. 84 40. 69 49 . 86
0 . 5 2  0 .  1 I  0 . 2 2  0 .  1 0

99.92  99 .42  99 .62  100.58

Minera l  fo rmulae

5 . 0  3 . 0  5 . 0  3 . 0
1 . 4 3  ' , l  . 0 1  1 . 3 4  1 . 0 2
r  .  1 9  0 . 0  1 . 2 8  0 . 0
0 . 0 8  0 . 0 4  0 . 0 8  0 . 0 4

.  .  0 . 0  0 . 0  0 . 0
0 . 3 3  0 . 4 6  0 . 2 7  0 . 4 6
1  . 9 2  ' , l  . 4 8  2 . 0 1  I  . 4 6
0 . 0 5  0 . 0 1  0 . 0 2  0 . 0 i
7 . 0 1  4 . 0 r  6 . 9 7  4 . 0 2

32.98  37 .  t6
0 . 0 1  0 . 0

1 9 . 9 2  0 . 0 t
' l . 7 8  

1 . 8 8
0 . 0 1  0 . 0 3
5 . 4 8  r ' l  . 0 7

39.  69  50  .  63
0 . 6 5  0 .  t 4

I  0 0 . 5 4  I  0 0 . 9 3

3 7  . 2 0
0 . 0

0 . 0
1 1 . 8 0
0 . 4 4

1 6 . 2 0
36.  04
0 .  0 t

1 0 1 . 6 9

5 . 0  3 . 0  3 . 0
1 . 5 0  1 . 0 2  t . o t
] . 0 7  0 . 0  0 . 0
0 . 0 7  0 . 0 4  0 . 2 7
0 . 0  0 . 0  0 . 0 r
0 . 3 7  0 . 4 5  0 . 6 6' l  

. 9 3  I  . 4 8  1  . 0 5
0 . 0 6  0 . 0 1  0 . 0
7 . 0 0  4 . 0 1  4 . 0 1

*  M i n e r a l  n a m e s :  M E L  =  m e l i l j t e ,  M E R  =  m e r w i n i t e ,  M 0  =  m o n t i c e l l i t e .
t  A s s e m b l a g e s  l i s t e d  i n  T a b l e  l .
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The temperature in the core of a 2 m thick marble
xenolith, heated by conduction, wil l approach that of
the surrounding magma within a few weeks of im-
mersion (Lovering, 1938; Carslaw and Jaeger, 1959,
p. 102). Thus, the temperature of skarn growth was
essentially the same as that of the magma.

Where heat conduction is the sole mechanism of
energy transport within an intrusion and its aureole,
the maximum temperature in the wallrock, attained
at the intrusive contact, is equal to about two-thirds
of the solidus temperature of the magma (Carslaw

a n d  J a e g e r , 1 9 5 9 ,  p . 2 8 8 - 2 8 9 ;  J a e g e r , 1 9 6 8 ,  p .

520-523). However, convection in a narrow bound-
ary layer along a vertical contact between basaltic
magma and wallrock wil l maintain the contact tem-
perature at or slightly above that of the basalt solidus
during the early stages of solidif ication (Shaw, 1974,
p. 157-162). Duration of the boundary layer regime
in the solidif ication of the Christmas Mountains com-
plex probably was in the range 500 to 5000 years. In
addition to accounting for the ususually high temper-
atures recorded by mineral assemblages from the
contact aureole, convection in a thermal boundary
layer greatly increases the effectiveness of diffusional
exchange of material between magma and wallrock

as required for the development of pyroxenite and
skarn.

In contrast to the high temperatures attained in the
marble aureole of the Christmas Mountains gabbro,

contact temperatures of nearby sil ls of chemically
similar alkali gabbro did not exceed 500oC, as calcite
* quartz coexist in baked sandstone in contact with

chil led gabbro. Intrusion of gabbroic magma into
permeable clastic sedimentary rocks of the Aguja
Formation of Late Cretaceous age probably init iated
convective cycling of water through the magma and
aureole which rapidly cooled the intrusion and pro-

vided an efficient mechanism for the transport of heat
away from the contact. The low permeabil ity of
marble precluded establishment of a meteoric-hydro-
thermal convection system in the Christmas Moun-
tains aureole.
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