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Direct observation of immiscibility in pyrope-almandine-grossular garnet
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ABSTRACT

Although recent thermodynamic models predict a low-temperature miscibility gap in the pyrope-
almandine-grossular garnet solid-solution series, coexistence of two immiscible garnets consistent
with the calculated miscibility gap has not been demonstrated previously. Here we report the discov-
ery of such a coexistence in nature, which provides direct evidence for immiscibility in the pyrope-
almandine-grossular system. Garnet inclusions were found near solidified fluid/melt inclusions in a
single pyrope crystal collected from the ultramafic diatreme at Garnet Ridge, Arizona. Microprobe
analyses close to the contact between the pyrope host and one garnet inclusion yield formulae of
(MQ1.98C 8 5F € .50MNg 02) (Al 1.68Cr0.09) SisO1- fOr the host and (MgdCay 31F€.41MNg 02) (Al 1 65Cr0.07) SisO12
for the inclusion. High-resolution analytical traverses across the two-garnet boundary reveal that the
compositional difference between the inclusion and the host increases as the contact is approached,
implying that the two garnet grains represent an immiscible pair rather than a disequilibrium coexist-
ence. The compositions of the coexisting garnets are in good agreement with those predicted from
recent thermodynamic mixing models for pyrope-almandine-grossular garnet.

INTRODUCTION SAMPLE AND ANALYTICAL METHODS

Garnet is acommon mineral in metamorphic and high-pres- The sample, a single garnet megacryst (~6 mm in diameter)
sure igneous rocks and a major constituent of the Earth’s manmtiéh a wine-red color, was collected from Garnet Ridge, Ari-
(e.g., Deer et al. 1982; Ringwood 1991). Its composition #®na, an ultramafic diatreme in the Navajo Volcanic Field on
generally dominated by a solid solution of three end-membetise Colorado Plateau. Similar garnet crystals are locally abun-
almandine (FAI,Si;O,,), grossular (CAl,Si;O;,), and pyrope dant in the diatreme and were brought up from the upper mantle
(MgsAl,Si;0;,). Garnet plays a prominent role in quantitativéy explosive eruption (e.g., McGetchin and Silver 1970; Hunter
geothermobarometric calculations to understand geologi@ld Smith 1981). The initial examination of doubly polished
processes in the Earth (e.g., Essene 1989; Spear 1993). Rleick sections (~3 mm thick) by an optical microscope revealed
able application of such calculations to natural rocks requirggt the pyrope crystal (referred to as garnet host hereafter)
an understanding of the thermodynamic mixing properties odntains mineral inclusions. The garnet host was repeatedly
garnet solid solution. Although all recent mixing models implpolished to bring individual inclusions to the surface and ex-
immiscibility in the system at low temperatures (Berman aramined using back-scattered electron (BSE) imaging and an
Aranovich 1996; Ganguly et al. 1996; Mukhopadhyay et aX-ray energy dispersive analytical system (EDS) on a Hitachi
1997), and a ternary miscibility gap was calculated explicit$-570 scanning electron microscope (SEM). Inclusions (10—
at <600°C (Ganguly et al. 1996), direct experimental verifica60um across) with stoichiometric garnet compositions that are
tion of the predicted miscibility gap may not be possible belifferent from the garnet host were found during this process.
cause the kinetics of the exsolution process at such IGlwe host and these inclusions were further characterized in
temperatures are prohibitively slow. Thus, observation of @etail by optical microscopy, Raman spectroscopy, SEM, and
equilibrium coexistence of two garnets in natural assemblaggsctron microprobe (EMP). The chemical analyses for the host
would contribute direct evidence for immiscibility in garneaind inclusions were carried out on a Cameca Camebax EMP
solid solutions. We report the discovery of such a coexistencsjng a focused beam with a current of 10 nA at 15 kV. Ana-
and use the analytical data to test recent thermodynamic mhydical traverses across inclusion-host boundaries were per-
els that predict immiscibility at low temperature. formed using a 1-@m interval and an acceleration voltage of

10 kV to reduce the beam volume. To improve the spatial reso-
lution, step-scans for the Re line at a 0.5um interval were

* Present address: Center for High Pressure Research and $5&/€d out on the SEM equipped with the VOYAGER applica-
partment of Earth and Space Sciences, State University!igf package (NORAN Instruments) using its EDS at 20 kV
New York at Stony Brook, Stony Brook, NY 11794-2100and 200 s counting time for each point. The diameter of the X-
E-mail: lipwang@notes.cc.sunysb.edu ray volume is less than Opan.
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RESULTS AND DISCUSSION the garnet host (Fig. 1). Examination of 12 similar composite
Garnet host inclusions in the same host revealed only one additional such

The garnet host contains inclusions of rutile. iimenite. a iﬁclusion. All inclusions are found in contact with composite
livi g E It al It > | g ! £ 20 u Id | ! 't' ol clusions, but each inclusion is enclosed mainly by the garnet
olivine (~Fay). It also contains abou round composite INy ot No such inclusion was observed in the host distant from

clusions comprised of carbonates (magnesite and dolomitt ks composite inclusions. BSE images clearly show: (1) the

amphibole, Ba-K phlogopite, chlorapatite, and spinel. Su hedral and approximately equidimensional shape of inclusions;

composite inclusions have been interpreted as solidified flui&% a sharp contact between inclusion and garnet host; and (3) a

melt droplets (Smith 1987; Wang et al. 1999). Optical miCrQy, e nicq) gifference between inclusion and host (Fig. 1). These

scopic examlr?atlon _Of th'Ck_SeCt'O,nS of the garnet host showgee . ations suggest that they are two coexisting phases instead
that in three dimensions all inclusions are completely enclosgpsimple heterogeneity or zoning

in the pyrope crystal, and in no case are they associated withy . ircjusion-host pair was examined with an optical mi-
cracks extending to the edge of the host. The host is chegjsscqpe to see if there are optical differences between the in-
cally quite uniform (Mg:Fe:Ca 67:18:15; Table 1), exceptfor o sion and the garnet host. A thin section of the pair was
narrow diffusion halos around some included minerals SUCh&%pared so that the inclusion was exposed on both polished
olivine. The garnet also contains some Cr and minor levelsQfytaces. The sample is optically homogeneous. No differences
Mn and Ti. Based on the Cr content of this crystal and a Sygterms of appearance, color, relief, isotropy, reflective index,
tematic study on similar crystals from the same locality (Wang can e discerned between the inclusion and the host. There
etal. 1999), we infer that it formed from the transition of SPingl 4156 no clear optical grain boundary for the inclusion (i.e.,
to garnet peridotite (i.e., spinel + pyroxene = garnet + olivingh, o tjine of the inclusion, and no Becke line), suggesting that
at a pressure of ~20 kbar and a temperature between 600@@9 have very similar refractive indices.
650°C in the presence of a fluid/melt phase. After it formed Raman spectra of the garnet host and an inclusion were taken
and equilibrated in a peridotitic assemblage, it experiencegygaxamine whether the inclusion is clearly of lower symmetry
long cooling history, as evidenced by the Mg-Fe diffusion prg e deviation from a cubic symmetry, Deer et al. 1982). The
file in the garnet surrounding the olivine inclusion (Hunter angicro-Raman spectrum of the inclusion has the same pattern
Smith 1981; Smith and Wilson 1985; Wang et al. 1999). Thg that of the garnet host and exhibits no peak splitting (Fig. 2).
final temperature in the mantle before eruption is estimateditfere is a small shift in peak positions, which is consistent
be <500°C, based on the low content of Ca (0.7 wt% CaO) iRjth the demonstrated shift to high wavenumbers of Raman
magnesite coexisting with dolomite in the composite inclusioq@;‘;}akS with increasing Mg content of garnet (Moore et al. 1971).
(e.g., Anovitz and Essene 1988). These results indicate that the inclusions examined have the
same structure as the garnet host.

Representative EMP analyses of garnet inclusions and adja-

Three mineral inclusions that have a stoichiometric garn&ént host are presented in Table 1. When compared to the garnet
composition were first found near two composite inclusions Host, the garnet inclusions contain higher Ca and lower Mg. There

Garnet inclusions

TABLE 1. Representative EMP analyses* of garnet host and garnet inclusion

Oxides H-111 H-12 H-13 H-14
SiO, 41.85 41.28 41.80 41.21 42.06 41.26 41.77 41.25
TiO, 0.11 0.03 0.05 0.04 0.12 0.02 0.11 0.04
Al,O4 22.56 22.53 22.36 22.55 22.36 22.65 22.29 22.96
Cr,03 1.58 1.14 1.63 1.14 1.72 0.86 1.59 0.55
FeO% 8.82 8.04 8.31 6.76 8.65 7.45 8.79 7.77
MnO 0.33 0.41 0.30 0.34 0.40 0.44 0.39 0.39
MgO 19.20 13.51 18.54 11.85 19.36 11.87 19.33 13.01
CaOo 5.27 13.02 6.76 16.89 5.25 15.95 5.30 14.45
Total 99.72 99.96 99.75 100.78 99.92 100.50 99.57 100.42
Formula proportions based on eight cations
Si 2.998 3.004 2.997 2.986 3.006 3.000 2.996 2.987
Ti 0.006 0.002 0.003 0.002 0.006 0.001 0.006 0.002
Al 1.904 1.933 1.890 1.926 1.884 1.941 1.884 1.960
Cr 0.089 0.066 0.092 0.065 0.097 0.049 0.090 0.031
Fe 0.528 0.489 0.498 0.410 0.517 0.453 0.527 0.471
Mn 0.020 0.025 0.018 0.021 0.024 0.027 0.024 0.024
Mg 2.050 1.466 1.982 1.280 2.063 1.286 2.066 1.404
Ca 0.404 1.015 0.519 1.311 0.402 1.242 0.407 1.121
Prp§ 67.3 47.6 64.4 40.7 67.6 41.7 67.4 46.0
Grs 14.2 354 18.2 45.2 14.2 42.7 14.2 38.0
Alm 18.5 17.0 17.4 14.1 18.2 15.6 18.4 16.0

*The compositions are expressed as oxide weight percent.

T H-11: garnet host and garnet inclusion pair No. 1. In each pair, the left column is for the host, and the right column is for the inclusion.

$All Fe as FeO.

§ The end-member proportions are calculated by first subtracting the knorringite (MgsCr,Si;O;,) component from the formulae, then normalizing
among Ca, Fe, and Mg. Mn and Ti are ignored.
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FIGURE 2.Raman spectra of garnet host and garnet inclusion collected
using non-polarized laser beam with a wavelength of 532.4 nm.
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FIGURE 1.BSE images showing natural coexistence of two garnets.
Abbreviations: Amp = amphibole; CIAp = chlorapatite; Dol = dolomite; )
. . . I ! I 1 I I
Grt = garnet inclusion; Mgs = magnesite; Prp = garnet host; Spl = ; e
spinel. Amphibole, chlorapatite, dolomite, magnesite, and spinel are Sr boundary — %, /\b/‘ ]
mineral constitutions of composite inclusions, which are inferred to be o)
e . ) N T
solidified drople_ts of fluid/melt. Line AA' ing) is the locus of EMP - 4L 5 ©0000000 -
traverse shown in Figure 3a. = A
— :
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is also a noticeable decrease in the content of Cr, Fe, and Ti a8d 2 - N -
a small increase in Mn in garnet inclusions (Table 1). Three mi- ©o0000C00
croprobe_traverses_ across inclusion-host boundaries were made L HOST | INCLUSION
and one is shown in Figure 3a. The traverse (Im3nterval) o L
reveals slight zoning in the garnet inclusion, whereas the garnet 4 5 0 5 4 6

host near the inclusion is quite uniform (Fig. 3a). The contact distance (um)
between the garnetinclusion and the host is sharp. Other traverses ] H
show similar features. FIGURE 3. Analytical traverses across the contact between garnet
host and garnet inclusiora)(Concentration profiles for Mg, Ca, and
Host and inclusion: stable immiscible pair or disequilib- Fe from EMP analysis. The intermediate values of Mg and Ca at the
rium coexistence? boundary represent beam overlap of the two garnet compositins. (
Concentration profile for Ca from EDS analysis on SEM. The points
Equilibrium between coexisting phases is difficult, often imgiose to the boundary (shown as open triangles) are affected by the
possible, to demonstrate unequivocally. Here we establislzoavolution effect. The counting errors of both EMP and SEM analyses
method to distinguish a stable immiscible pair from simple digre smaller than the size of symbols.
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equilibrium coexistence. Consider a schematic phase diagrdma square root gDdt whereD is the diffusivity (and hence
of a solid solution series with a miscibility gap at low temperalependent on temperature) drisl the duration.
tures (Fig. 4a). If two grains form immiscible phases at equilib- The measured electron microprobe profile (Fig. 3a) does not
rium, then as the system cools, the miscibility gap widens, leadimave sufficient spatial resolution to distinguish whether the Ca
to a greater compositional difference across the boundary of deacentration difference between the two garnet grains increases
two grains (solid curves in Fig. 4b). If two grains simply represr decreases as the boundary is approached. Although very high
sent the disequilibrium coexistence of two compositionally dispatial resolution can be achieved by a transmission electron
ferent crystals in a single phase field, they will tend to homogeninéicroscope (TEM), sample preparation is extremely difficult due
by diffusion, leading to a continuous concentration profile (dashtmthe small size and the rarity of garnet inclusions (one sample
curve in Fig. 4b). The length over which the concentration varas lost during such an attempt). Analysis using EDS on the
ies (either widening or bridging the compositional gap) is twiceEM was found to have a much better spatial resolution than the
EMP and was used to examine further the garnet inclusion-host
contact. Step-scans across the boundary were carried out using
‘ the C&a line at a 0.5um interval with a beam volume g0.5
| pm across and 200 s counting time for each point. The beam
{ current remained stable during the course of analysis, as evi-
|
|
I
|

@

denced by the uniform concentration in the interior of the garnet
inclusion and that of the garnet host (Fig. 3b). The results show
t  that, in the garnet host, there is no clear trend except for a slight
! increase in Ca very close to the boundary owing to the convolu-
. tion effect (Ganguly et al. 1988). The absence of a clear decrease
J in Ca concentration in the host as the contact is approached is a
|  consequence of the steepness ofTieslope of the Ca-poor
| limb of the solvus (Ganguly et al. 1996) and mimics that in the
!
l

case of Fe-Ni exsolution (Wood 1964). However, there is clearly
an increase of Ca in the garnet inclusion toward the contact (Fig.
3b). This trend must be real since analytical artifacts such as
convolution effect would narrow, not widen, the Ca concentra-
tion gap. Therefore, the compositional gap between the garnet
inclusion and the host widened upon cooling, demonstrating that
the two garnet grains represent an immiscible pair rather than a
simple disequilibrium coexistence.

Origin of immiscible host-inclusion pairs

An exsolutionorigin for immiscible garnet pairs is not sup-
ported by the analytical microprobe traverses (i.e., no signifi-
cant zonation in garnet host; Fig. 3a) and the inferred low
temperature for the host formation (i.e., too large a diffusion dis-
tance required). Overgrowth of the host garnet megacryst on the

boundary

distance ———=

inclusion garnet is unlikely because (1) garnet inclusions are al-
ways in contact with composite inclusions and (2) they are not
observed in many similar garnet megacrysts from the same lo-
cality (McGetchin and Silver 1970; Hunter and Smith 1981;

Smith 1987; Wang et al. 1999). The close association of all gar-
net inclusions with composite inclusions (which are inferred to

FIGURE 4.(a) A schematic phase diagram of a binary solution series . . . e . -
(A and B) with an asymmetric miscibility gap at low temperatufgs ( °¢ fluid/melt inclusions before solidification; Smith 1987; Wang

The compositional difference between two equilibrium phases acrdds@l- 1999) suggests thgt the formatlon_ of th_e garnet inclusion
the miscibility gap increaseX&Xs > X»-X,) upon cooling [, < T,).  Was related to the evolution of fluid/melt inclusions (i.e., growth
Note the compositional change upon cooling for the phase on the@-garnet host or inclusion from included fluid/melt). The fol-
side solvus limbX,-X,) is greater than that for the phase on the A-sidewing is a possible although speculative scenario. At higher tem-
solvus limb ¥;-Xs). (b) A schematic drawing showing how anperatures, the fluid/melt inclusions were in equilibrium with the
immiscible pair responds to cooling differently from that of twhost garnet. As temperature decreased, two different garnet com-
disequilibrium coexisting grains in a single phase field. The horizomﬁbsitions (across the miscibility gap) were in equilibrium with
profile in both grains represents the initial composition. Solid CUNVE.  fluid/melt. Therefore. either or both of the two immiscible
for an immiscible pair; the compositional gap widens across the S S .

rnets could precipitate. Precipitation of garnet with a compo-

boundary upon cooling. Note different amounts of compositiongfa. | h fthe h . . f . f th
change for the pair at the boundary. Dashed curve: for t fion close to that of the host (i.e., continuous formation of the

disequilibrium grains in a single phase field: they tend to homogeni?8St) W_0U|d form |ayer5_that are indistinguish_able from the ??”y
upon cooling. crystallized host. Precipitation of garnet with a composition
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across the miscibility gap (i.e., composition of the inclusion gar- Cressey (1978) observed under TEM what appear to be two
net) would form garnet inclusions. The rarity of garnet inclimmiscible garnet phases (polyhedral garnet inclusions of 0.1—
sions suggests that the continuous growth of the garnet host &idsum across wittXss= 0.2 in a garnet matrix witkg,s= 0.36)
favored probably because no interface formation was requir@dan apparently optically homogeneous garnet (K< 0.29,

The tendency to minimize interfacial energy (hence interfacid),, = 0.49) from a granulite. No detailed compositions were
area) may explain the roughly euhedral shape for the garnetreported for the two phases. His observation provides the best
clusions instead of lamellae or coronae over the host, whictpigvious evidence of a possible miscibility gap for pyrope-al-
commonly observed for disequilibrium overgrowths on metaandine-grossular garnet. However, if it indeed represents a
morphic garnet (e.g., Spear 1993). The co-precipitation of bablvus, then the immiscibility occurs in almandine-rich garnet
garnets from included fluid/melt can explain the observation th@a,,,, = 0.49), whereas recent thermodynamic models (Berman
each garnet inclusion is enclosed mainly by garnet host. In taisd Aranovich 1996; Ganguly et al. 1996; Mukhopadhyay et al.
interpretation, the surrounding pyrope near garnet inclusioh897) predict, and our observations confirm, that the immisci-
would be continuous growth layers that cannot be distinguishiitity occurs in almandine-poor garnet.(, = 0.14-0.19 in our

from the early host. sample) at temperatures between ~400 and 60The inco-
) ) herence of the Ca-enriched included phase relative to the garnet
Testing thermodynamic models host (Cressey 1978; Cressey et al. 1978) suggests that the two

Because Cr and Mn contents are low, both the garnet hpeaises may have different structures.
and inclusions are approximated by the pyrope-almandine-gros-Yardley et al. (1996) observed complicated two-phase
sular system. The miscibility gap in this system has been calautergrowths in pyrope-poor and almandine-rich garKgf €
lated using three thermodynamic mixing models for garn@t02—0.04 and,, = 0.54-0.75) overgrowing pyrope-rich
(Berman and Aranovich 1996; Ganguly et al. 1996glicts. The authors considered a number of possible mecha-
Mukhopadhyay et al. 1997). The pressure effect is insignificamisms (including equilibrium coexistence across a miscibility
in the range of 0—30 kbar based on these models, and a pressapg for the origin of the intergrowths but noted that no expla-
of 20 kbar, the estimated pressure for the garnet host, was atettion is entirely convincing. The presence of pyrope-rich relicts
sen in our calculations. The isotherms calculated from all thraed the pyrope-poor composition suggest that the intergrowths
models predict similar solvi for the garnets. For clarity, only soleire unlikely to represent equilibrium immiscible pairs.
from the model of Ganguly et al. (1996), along with EMP analy-
ses for four inclusion-host pairs several micrometers away from
their contacts, are shown in Figure 5. All the data lie between the Prp
400 and 450C isotherms. They lie between 430—480for the Dy
Berman and Aranovich (1996) model and 370-2Qor the
Mukhopadhyay et al. (1997) model. Furthermore, the Fe con-
tent does not change significantly from garnet host to garnet in-
clusion in both observation and calculation. Considering that
these solvi are calculated by large extrapolation and that the ef-
fect of Cr and Mn on phase equilibria is neglected, the agree-
ment between our data and the thermodynamic models is
remarkable. However, the compositions of garnet inclusions 20
among different grains have a larger range in Ca/Mg ratio than
predicted from the models (i.e., Fig. 9a in Ganguly et al. 1996),
suggesting that the solvus limb on the pyrope side may be steeper
and that on the grossular side may be flatter than predicted by
the models. Whether the temperatures obtained above are accu-
rate depends on the accuracy of the mixing models and whether
minor Cr and Mn affect the mixing properties significantly.

INCLUSION

Previous reports of immiscibility in pyrope-almandine- 60

grossular garnet

Exsolution inferred from a TEM study of a grossular-al-
mandine-pyrope garnet from a metarodingite sample has been 20 40 60
reported before in an abstract (Ghose et al. 1976), but no chemi-
cal analyses were given for the coexisting garnets. One of theFIGURE 5.Calculated miscibility gap from one of the recent mixing
co-authors of the abstract, B.W. Evans, kindly provided suctin@dels for garnet (Ganguly et al. 1996). The diagram shown is the
metarodingite sample (no. Mg-31-1). Using BSE imaging arﬁ@aded area in the pyrope-almandlqe-gro_ssular. ternary sy;tem. The
EMP analysis, we found complex zoning instead of exsolutiéjﬁta are EMP a_nalyses done for host-lnclus_lon pair several micrometers
. . away from their contact (i.e., Table 1). Different symbols represent
in garnets, and we hence conglude _that the suite of gamasd[ﬁérent host-inclusion pairs: circles = pair 1; diamonds = pair 2;
ported by Ghose et al. (1976) is unlikely to represent an eqfr‘fa’mgles = pair 3; and squares = pair 4. The errors from EMP analyses
librium assemblage or an immiscible pair. are less than the size of the symbols.
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CONCLUDING REMARKS Belts, p. 1-44. Geological Society Special Publication 43.
) _ Ganguly, J., Bhattacharya, R.N., and Chakraborty, S. (1988) Convolution effect in
The discovery presented here represents the best evidencee determination of compositional profiles and diffusion coefficients by mi-
for immiscibility in the pyrope-almandine-grossular systen}% croprobe step scans. American Mineralogist, 73, 901-909.

. - L anguly, J., Cheng, W., and Tirone, M. (1996) Thermodynamics of aluminosilicate
This study not only demonstrates that two immiscible garnets gamet solid solution: new experimental data, an optimized madel, and thermo-

can coexist in nature in equilibrium, hence providing a critical metric applications. Contributions to Mineralogy and Petrology, 126, 137-151.

; : i : hose, S., Leo, S.R., and Evans, B.W. (1976) Exsolution in a grossular-almandine-
constraint for the thermOdynamIC mixing properties of gam&’ pyrope garnet. Program with Abstracts of Geological Association of Canada

but also establishes a method for distinguishing immiscible pairs and Mineralogical Association of Canada, p. 80.
from disequilibrium coexistence. Moreover, it confirms a relddelmstaedt, H. and Doig, R. (1975) Eclogite nodules from kimberlite pipes of the

tivelv | t t in th ile b th the E Colorado Plateau—samples of subducted Franciscan-type oceanic lithosphere.
Ively low temperature In the uppér mantié benea € Four Physics and Chemistry of the Earth, 9, 95-111.

Corners area of the Colorado Plateau at the time of eruptiorHofiter, W.C. and Smith, D. (1981) Garnet peridotite from Colorado Plateau ultra-
ultramafic diatremes, consonant with many previous studies mafic diatremes: hydrates, carbonates, and comparative geothermometry. Con-

. . . . .., tributions to Mineralogy and Petrology, 76, 312-320.
(e.g., Helmstaedt and Doig 1975; Hunter and Smith 1981; Smiffetchin, T.R. and Silver, L.T. (1970) Compositional relations in minerals from

and Wilson 1985; Smith 1995; Wang et al. 1999). kimberlite and related rocks in the Moses Rock dike, San Juan County, Utah.
American Mineralogist, 55, 1738-1771.
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