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Abstract

Maflie gronulite-facies xennliths in alkali busalis [rom Chantaburi province represent the only
known lower-crustal material in Thailand. Most xenoliths contain garnet (or its secondary produci—
kelyphile), plagioclase, and clinapyroxene, = truces of corundun, and are grouped into garnel-rich
ond clinopyroxene-rich granulites (Groups 2 and 3, respectively). One sample is clossified as oliv-
ine-garnet clinopyroxenile (Group 1), relfecting the presence of olivine and spinel and ihe ohsence
of plugioclase. Whole-rock chemistry suggests that the protoliths of these granulile xenoliths have
high normative olivine, plogioclnse, and diopside, and, in most cases, low abundances and generally
Mat REE profiles with positive Eu anomalies. These charueteristies indicale that the protoliths orig-
inaled as bosaltic cumulales, similar to troctolite and olivine-gabbro. On cooling, cumulale pro-
toliths transformed ta granulite-facies nssemblages, mainly by the reaction: Pl + 01 = GL + Cpx.
Intereslingly, some granulite xenoliths contoin corundum, interpreted as a producl of incongruent
melting ol plagiocluse, that may have crystallized sometime prior to the complete lmnslormalion of
protolillis (o garnet granulites. P-T estimotes indicate thot the xenoliths last equilibrated al ~1100
to 1200°C und 15 10 18 kbar, consistent with depths nround 50 to 60 km. The occorrence of malic
granulite xenaliths in Thailand may indicate prelenged perinds of basalt anderplating that generated

new lower erusl, and eventunlly eulminated with Late Cenozoic alkali hasult voleanism.

Iniroduction

KNOWLEDCE OF THE lower continentul crusl has
been significantly improved through studies of grun-
ulile-locies rocks, emplaced al the Eorlys surface
cither us massive lerrains or as xenoliths in alkali
basalts and kimberlites. As generally observed,
grunulile-focies terrains tend to have intermediate
to felsic composilions, whereas granulite xenolitlis
are predominantly mafic (e.g., Griffin and (FReilly,
1986; Rudnick, 1992; Rudnick and Founlain,
1995), Furthermore, in terms of cruslal provenance,
granulile-bearing alkali basalls Lypically oceur in
non-cralonic regions within Prolerozoic to Phunero-
voic crustal blocks, in conlrast lo granulile-bearing
kimberlites and granulite terrains that are more
common in Archean cratons {Rudnick, 1992).
Muny Cenozole alkali basalls in Asia conlain
granulile xenoliths, from which information on the
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nature of lower continental crust in this region has
been oblained. For instance, based on compositions
of two-pyroxene and gamet granuliles, Stosch el al.
{1995) suggesied that the lower crust in Mongolia is
broudly basultic 1o undesilic, und probably was
derived fromn fractionated mells or cumulutes from
such composilions, Their P-T estimates, derived
[rom garnet granulites, yield 14 kbar and 840°C.
Kopylova et ab. (1995} [urlher conclnded that the
crust-mantle boundary of this region is localed ai
aboul 45 km depth, implying a relatively thick crust.
Similurly, in northern China, Liu el al. (2001) and
Chen et al. (2001) determined the depth of the crust-
mantle interface ol 42 km, based on P-T eslimations
[rom granulite xenoliths in conjunction with P-wave
velovities.

In Thailand, despite the occurrences of deep-
seated materials such us mantle xenoliths and mega-
erysts in many Cenozoie alkali basulls, information
on the lower continentul erust from this Southeast
Asinn region is relntively unknown. Previously,
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F16. 1. Oveurrence of granulite xeneliths in Thailand. Distributions of alkali basalts are from Vichit (1992).

petrochemical invesligulions were aimed al under-
slanding Lhe genesis of gem-quality corundum (ruby
and sopphire) through studies of busalis, as well os
inclusions in corundum megacrysts that occur abun-
duntly in placer deposils near these basallic fields
(e.g., Vichit et al.. 1978; Barr and MacDonald,
1981; Gue el al., 1996; Intasopa et al., 1999;
Sutthirat et of., 2001; Litntrakun et al., 2001). Only
o few studies have been performed on manlle-
derived megnerysis and peridatile xenoliths (Barr
and Doslal, 1986; Prompraled et al., 1999).

Our efforts to understand the nalure of the deep
cruslfupper niantle in this area have resulled in the
recognition of rare granulile xenaliths thal oecur in
alkali basalt Hows of the Klung district, Chantuburi
province (Fig. 1). This discovery represents a
unique epporiunity to constrain compositions of the
lower conlinenin| crust in this region, as well as to
understand the processes involved in ils formation
and modification. In the present investigalion, we
focus on tnajor- und truce-glement chemistry of the
granulite xenoliths, and nlso address the [ormalion
ol corundum in some of our sumples.

General Geology and Samples

The Chantaburi-Tral ulkali basults occur as
gmull hills of voleanic plug remnants and isolated

MMows in un area roughly 30 x 70 kin (Vichit, 1992);
liowever, most basalts are extensively weathered und
covered by thick basallic soils. In places, basaltic
flows averlie sedimentary Tocks of Carboniferous Lo
Permian age (Sivabovorn et al., 1976; Salyaphongse
und' Jungyusuk, 1983). Limiled geochemical and
radiometrc data (K-Ar) indicate that these basults
are busaniloid or nephelinite, and were erupted
within the last million years (Vichil et al., 1978;
Barr and MacDonald, 1981). Tt is generally helieved
that the Late Cenozoic busults of Thailund are the
producis of decompressional melting, possibly
reluted 1o extensional rilling (Barr and MacDonald,
1978; Bunopas and Vella, 1992; Mukasa el al.,
1996),

The basaltic flows in which granulite xenoliths
oceur are up Lo 15 m thick, and lie as deep as 30 m
beneath the surfuce (Vichit, 1992). They were
exposed and then disinlegrated by gem-mining
operations. It is nofortunute that outcrops of these
granulile-bearing basalt lows could not be invesli-
gated, innsmuch as they hove been under water
sinee Lhe cessation of mining. Nevertheless, a num-
ber of granulite xenoliths were collecied from min-
ing debris, 10 of which were used in the present
investigation. They include 9 garnel granulites and
a rare olivine-garnet elinopyroxenile. Most xenoliths
are 5-8 cm ucross, with the lorgest approximalely
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F16. 2. A. Kelyphitic rims around garnet in olivine-garnet clinopyroxenite (KL9). The garnets also form crude layer-
ing. B. Corundum inclusions in plagioclases of garnel-rich granulite (KL10). Garnels are completely overprinted by
kelyphite. C. Backscattered electron (BSE) image of a relic corundum inclusion in kelyphite (KL10). The corundum is
replaced and mantled by an intermediate rim of spinel and an outer rim of plagioclase. D. Typical texture of clinopyrox-

ene-rich granulite (KL7). Figures 2A, 2B, and 2D are in plane-polarized light; reflected light is also used in Figure 2D.

Abbreviations: Gt = garnet; Kely = kelyphite; Cpx = clinopyroxene; Ol = olivine; Sp = spinel.

12 cm in diameter. As a suite, these xenoliths will be
simply referred to as gamet granulites.

Petrography

The granulite xenoliths display granoblastic,
equigranular, and polygonal texture, commonly with
120° triple-junction grain boundaries. Some sam-
ples also exhibit millimeter-scale banding. No stress
features (i.e., kink bands) were observed. All major
minerals—clinopyroxene (Cpx), plagioclase (Pl),
and garnet (Gt)—are of similar size, ranging from
0.5 to 2.0 mm. However, large Cpx grains (up to 5
mm) also occur in most samples. Minor minerals
include olivine (Ol; 0.5-1.0 mm), spinel (Sp; ~0.2
mm), and corundum (Cor; up to 300 pm). Based on
mineralogy and chemisiry, the samples can be
broadly classified into three groups: (1) olivine-
bearing garnet clinopyroxenite; (2) garnet-rich gran-
ulite, the most common type; and (3) pyroxene-rich
garnet granulite.

Group 1: Olivine-garnet clinopyroxenite

Xenolith KL9, the only olivine-garnet clino-
pyroxenite in this collection (Table 1), exhibits well-
defined banding mainly as discontinuous garnet
trains. These garnets are moderately altered to
brown, fibrous-like kelyphite, which is radially
arranged as rinds around primary garnets (kely-
phitic rims; Fig. 2A). This kelyphite is exiremely
fine grained («lum) such that individual minerals
cannot be resolved petrographically or by electron
microprobe. In addition, garnets typically. contain
circular microcracks, which is a texture that has
been interpreted as a product of decompression
(Rudnick, 1992).

Clinopyroxenes are generally unaltered and lack
exsolution lamellae. It is common, however, to find
“spongy-textured 1inds” developed along margins
or cracks of Cpx. This reaction feature of Cpx
consists mainly of secondary clinopyroxene and
green spinel. According to Taylor and Neal (1989),
spongy rims occur when Na and Al from primary
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TADLE 1. Reconstructed Primary Modal Abundances of Granulile Xenoliths (rom Thailand!

Sample Crrx Pl Gt al Sp Cor
0l-Gt clinupyruxenite

KL2 8.4 - 443 1.6 E%] -

Gt-feh granulite

KL12 39.4. 20.6 31.0 - - -

Klsa 21.3 279 S50.8 - - -

KL] 19.5 214 50.1 - - -

KL5 17.2 27.7 351 - - Ine?

KL13 236 239 323 - - Inc

KL10 222 30.4 36.0 - 242 Inc

KLI4 27.7 45.8 26.5 - - -
Cpx-rich granulite

KLB 43.7 28.7 27.6 - - -

KL7 44,3 27.3 28.4 - - -

etermined by point counting approximmely 3000-5000 paints per thin section, Kelyphite wos counted as primary gumets,

Abbreviations: Cpx = clinapyroxene; Pl = plagiocluse; Gt = gamel; Ol = olivine: Sp = spinel; Cor = conmdum.

2Secondary spinel.
HCorundum occurs us inclusions in te sample.

clinopyroxene are effectively “leached” by meta-
somatic fluids during o melting process. The conse-
quence of this is lhe volume decresse that results in
eracking ol the clinopyroxene, bul withoul disrupt-
ing the optical continuity of the marging and core,
Snyder et al. (1997a) explained this texture in
lherzolite xenoliths from China by the renetion: Cps,
+ K-rich fluiids = Cpx, + alkali feldspar £ sulfide +
tilunomognelite.

Olivines are typically subhedrul tubulur, with
minor ulleration Lo serpentine. A lew spinels occur
interstitially, probably as the lust mineral Lo crystal-
lize.

Graup 2: Gamet-rich grenulite

The majority of the grunulite xenoliths belong 1o
this group (Table 1), and contain garnet or plagio-
clase in significuntly grealer abundance than elino-
pyroxene. The Cpx-rich xenolith K112 is included
in this group becouse its mineral chemisiry (see
below) is similar to that of Gt-rich samples. Gener-
ally, clinopyroxenes and plagioclases are unaliered,
except for KL10 where clinopyroxenes ure exten-
sively metasomulized Lo secondary Cpx and Sp. Gar-
nels charucteristically contain circulur eracks, and
arc exlensively or completely overprinied by dark

brown, lurhid, kelyphile. Apparently, the iniliaf
nucleation of garnets occurred at PI-P1 or P1-Cpx
gruin boundaries. Fine banding due Lo conlrasting
proportions of minerals is present in some sumples.
In KL14, Cpx grains form lenticular aggregates that
enhonce the overull layering nppearance. Some Cpx
aggregales contain interstitial K-rich feldspathic
glasses. possibly o product of late-siage meta-
somalisni.

Sumples KL5, KL13, and KL10 are particularly
interesting because they conluin corundum ns inclu-
sions in plagioclases or kelyphitized garnets (Figs.
2B uad 2C). These inclusions are generally eubedral
to subhedral prismalic (up to 300 ym), and some are
trigonal in cross section. The oceurrence of corun-
dum Inclusions in the relatively unaltered xenolith
KL13 suggests thut their origin was nol due 1o sec-
ondary processes that involved externel mells/u-
ids. In the highly kelyphitized KL10, many
corundum inclusions are mantled by rims of spinel,
and, in some cuses, corundum grains have interme-
dinte rims of spinel und oulermost rims of plagio-
elase (g 2C). These rims possibly reflect the
reaction of corundum with metasomalic Quids and/
or kelyphite. In g few cases, o single corundum grain
appesrs Lo grow into adjacent plugioclase groins.
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Group 3: Clinopyroxene-rich granulite

Clinopyroxene is the mosl nbundant mineral
{~449%5; Table 1) in xenaliths KL7 and KL of this
group. Unlike sumples [rom the previous groups,
granulites KL.7 and KL8 show no obvious mineral
hunding (Fig. 2D). Garnets in both samples are com-
pletely kelyphitized, whereas clinopyroxene and
plagioctuse in KL7 remain relatively unaltered.
Melnsomatie-induced partial melting appears lo
have affected xenalith K8, inwhich Cpx developed
spongy rims consisling of secondury Cpx and P,
with, in some cases, K-rich feldspathic gloss, but
without spinel. Partially melted plagiocluses Lypi-
cally exhihit corroded rims, becoming more An-rich
(:umpured lo the primury core,

Analylical Techniques

Major elements of mineruls und whaole-rock sum-
ples were determined with an automated CAMECA
SX-50, Tour-spectromeler electron microprobe
(EMP), at the University of Tennessee. Datu were
ealleeled using a wavelenglh-dispersive lechnique
und correcled wsing the PAP procedure, EMP anal-
yses of whole-rock samples were performed on [used
glass beads, which were prepared by fusing sumple
powders on molybdenum-strip heaters under a
nitrogen almosphere {lezek et al., 1978). Instrumen-
lal conditions for glass-bend analyses empioyed an
aceeleraling potential of 15 kV, an electron beam of
20 nA with o beam size of 20 or 30 pm, and 20 s
counting limes for all elements. For mineral analy-
ses, similar unalylicul conditions were used, but
with a 30 nA beam current and a 5 um beam size.
Broad-beom analyses of the “bulk” kelyphile were
performed with a 30 nA electron beam at 10 pin.

Whale-rock lrace-clement concenlralions were
oblained with n FISONS-VG Elemental Plas-
maQQuud 11 inductively coupled plusma mass spec-
trameter (ICP-MS) at the University of Notre Dame.
Sumples were dissolved in ultrupure HF/HNO,
acids in a clean 1000 class labh. Approximately 50
mg of powder [rom ench sample was dissolved. Ref-
erence mulerial BHVYO-1 wus also analyzed with the
granulite xenobiths and host basall. Details of Lhe
ICP-MS analylical conditions and procedures can
be [ound in Neal (2001).

Whole-Rock Chemistry

Representalive samples af ull three xenclith
groups and o host basalt were analyzed [or major
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and lrnce elements (Tables 2 and 3), Based on Lthe
major-element chemistry, all granulite xenoliths
analyzed are mafic (~43—9 wt% Si0,), similar 10
hiypersthene-olivine normative Lholeiitic or
nepheline-olivine normalive alkali-basaltic mag-
mas. With lower 5i0, bul higher alkali contents, the
hast basull (IKLhs11) is clussified as busanite, con-
sistent with basulls [rom surrounding arcas (Mukasa
et al., 1996).

In major-element variation diagrams (Figs. 3A—
3D), Mg0O is negatively correlated with Si0, and
Na,0+IG,0. In plots of Mg0 against Al,O, and CaO
(Iigs. 3B and 3C}, the two Cpx-rich samples (KL8
and KL12) appear to [ollow the artuys formed by the
more evolved granulite xeneliths from Chudleigh
(Austruliv) and Mongolia (Rudnick et al., 1986 and
Stosch, et al., 1995, respectively). Compasitions of
the host hasult are significantly distinet from those
of granulite xenaliths, suggesling no genetic rela-
tionship between them (Figs. 3A-310).

Trace-element concentrations in the granulite
xenoliths alsa vary systematically with MgO (Fig. 4).
For instance, the compatible element Ni correlates
positively with Mg0, as expected when olivine is o
cryslallizing phase. This in turn results in negative
correlations with the moderately and highly incom-
palible elements such as Zr, HI, and Lu. The olivine-
garnel clinopyroxenite (KL9) is relatively depleled
in ineompatible elements and deviates from nega-
tive Lrends [ormed by the garnel granulile xenoliths.
This possibly reflects the grealer abundance of oliv-
ine in the protolith of KLY compared to that of other
samples. For highly incompalible elements, Ba con-
centrations vury in u limiled runge. In contrast, Th
exhibits more varialion and is elevaled in some sam-
ples campated with the well-defined negutive trend
of the Chudleigh data.

Chondrite-normalized (Anders and Grevesse,
1989) rare-earih element (REE) pullerns are gener-
ally flat, although light REE (LREE) envichments
are present in a few samples (Fig. 5). All bul sample
KL12 show positive Eu anomalies (Eu/Fu* up lo
3.4, where Eu® is the inlerpolated vulue belween
Cl-normalized Sm ond Gd abundances), suggesting
plagioelase accumulation. Note that the olivine-gar-
net clinopyroxenile, KL9, which lacks plagioclase,
ulsa displays o posilive Eu anomaly. Finally, KL9
cantains the lowest REE contenis, whereas KL8
contains the highest, consistent with the [urmer
being most primitive und the latler most evolved
among the samples in this study.
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TARLE 2. Whole-Rock Composiliens and CIPW Normative Mineralogy ol Granulite Xenoliths
und Host Basalt
Sample: KLY KL5 RL13 kL4 KL12 KLI0O KLB KLhs11
{bosult)
Whale-rock compositions, wi%s!
Si0, 43.1 44.8 45,0 45,7 44,1 45.9 48,6 42.2
Ti0, 0.0 0.08 (L13 0,09 (L23 0.19 0.45 3.00
ALG, 16.9 21.4 21.4 209 18.2 231 17.2 13.1
Cr,0, 0.06 <0.03 0.07 0.07 0.18 0.03 0.07 <0.03
Mg 18.8 13.1 12.3 11.7 10.5 101 9.18 9,96
Cu(} %49 11.1 12.0 12.0 14.0 115 12.0 0.71
Mu(} 0.12 (r.og 10 (RO (r.on {L0OB 0.13 016
e} 7.49 4.99 4.90 5.47 4.28 308 6.73 11.0
NiO (.04 n..! na. n.u. n.a. nu. na. 0.04
Na, (3 1.07 1.33 L43 1.54 212 224 2,706 3.65
K0 .09 0.47 0.30 0.13 0.16 0.45 0.72 218
P04 <0.03 <0.03 <0.03 <0.03 0.03 0.06 103 072
Lor? 249 2.28 2.10 234 1.3 1.98 1.23 2,34
Total 99.81 99.72 90,50 90,50 990w, 09.73 90.11 00.00
My 01.0 824 81.6 79.5 gl 78.0 70.8 61.9
CIPW normative niinerslogy (56)3

Ot 0 0 0 0 0 0 0 0
Cor 0 Q 0 0 0 0 4] ]
Or 0.53 237 1.77 0.77 0.94. 2.06 4.25 12.87
Ab 9.0 11.24 11.98 13.02 16.26 15.27 19.16 2.64
An 4102 17101 51.06 49,71 39.65 448.90 32,40 12.92
Ne 0 0 0.06 0 0.90 1.99 2.86 15.29
Di 4.69 3.09 6.64 7.70 23.58 6.21 21.72 24.78
Iy 1.24 1.84 0 A.09 0 0 4] ]
)] 3947 20.29 24,94 21.29 1510 21.25 15.86 17.81
M1 1.42 0.93 0.94 0497 0.81 0.96 1.28 2.08
Ihn 0.17 0.15 0.25 0.k7 0.44 0.30 0.06 .71
Ap 0 0 0 0.05 0.06 012 0.06 1.56

'Obtuined from EMP anulyses (avernge of 20-25 analyses) on [used gluss hewds.
?Loss on ignilion: weisht Toess elier Tienting a known amouat of sample at T000°C for 1 he, and corrected for the oxidization

from Fel* 10 Fe

Mgt = {100MMs + TFe ),

b+

. = not unalyzed.
SCalewlaled vsing sofiwvare Mogma2 (Wolletz, 1996), assoming Fe,(0,/FeQ = 0,15, Minerul ubbrevintions: Cpx = clitopyrox-
ene; Pl = plagioctnse; Gt = gurnel; Ol = olivine: Sp = spinel: Qiz = quurtz; Cor = corundum; Ab = Al An = anorthite;

Ne = nepheline; Di = diopside: Hy = hysperthene: My = mugnetite; Hin = ilmenite; Ap = apatite.

Clinopyroxene

The three xenolith groups are also defined hy
variations in clinopyroxene mineral chemistry

Mineral Chemistry

{Table 4 und Fig. 6). The most striking [eature of the
Cpx compositions is the high Al O, contents (~8-16
wt9%) and assecialed low Nu,O (mostly <2 wi9%).
This correspands to a higher proportion of Ca-
Tschermalk (CaTs) versus judeile (NuAl*Y) molecules
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TADLE 3. Trace-Element Anulyses (ppm) of Selecled Whole-Roek Granulite Xenoliths, Analyzed by ICP-MS

Sataple: KLY KL5 KL13 K14 KL12 KL10 KLO BHVO-1  BHYO-1!
Se 6.2 9.5 11.5 11.7 273 7.3 34.3 1.7 31.8
v 18.5 15.6 37.3 42,2 q0.5 27,4 2019 a07.2 417

Cr 343.0 121.5 358.1 3914 960L5 04,6 422.3 209.8 289
Co 3135 163.4 165.1 186.8 136.1 109.1 129.8 45.3 %]

Ni a92.6 280.6 80.7 M2 2355 110 108.7 117.7 121

Cu 722 69.9 3l.1 1159 77.2 1103 66.8 158.8 136
Zn 63.5 A5.6 39.8 40.2 3.5 42.1 a8 162.1 105
Ga 1303 1119 13.06 11,08 12.327 12,76 14,05 17.8 21
Rb 141 745 4.81 0.14 1.74 06.57 B8.87 8.97 9.4
Sr 148.6 2724 284.1 176.6 236.7 235.1 200,41 427.0 Llia

Y 1.02 1.36 2.06 1.95 4.09 222 .20 21.7 34,4
Zr 2,01 2.09 5.00 2.94 9.50 10.46 13.57 171.3 179
Nb 8.35 3.08 3.32 3.4 4,74 4.93 4,42 19.4 19

Ba 331 37.17 20.6 17.1 23140 373 54 134.2 139

La 037 (133 0.40 0.44 1.39 2.21 1.60 15.9 15.8
Ce 0.94 0.90 1.15 1.04 291 1.62 3.088 41.3 a9

Pr 0.12 0.15 0.18 0.13 0.37 0.56 0.56 A.51 5.7
Nl [ER:18) 0,79 100 0.62 1.74 2.28 2.49 25.08 25.2
Sm 0.18 0.28 0.31 0.19 0.49 0.46 0.96 0.44 6.2
Eu [tR]V 0.27 0.21 0.29 0.16 0.24 0.48 2.14 2.1
Gd 0.21 0,349 0,53 0,34 0,76 (1.22 .60 0.77 6.4
Th .03 0.0:4 0.07 0.06 011 0.07 0.25 0.7 0.96
Dy (1,22 (L3 0.51 (0,34 0.66 0.42 1.62 541 5.2
Hao (O3 (L06 0.10 0.07 0,14 0.0w 0.33 1.03 0.9
Er 0.09 0.16 0.30 0.17 3.40 0.18 0.96 2.72 2.4
Tm 0.02 0.03 (.05R (1005 [LXN[5 0,03 0,14 .36 0.33
Yh (.lo (L18 {126 L12 (0.3 0.19 0.92 227 202
L .02 (L02 0.05 0.02 0.056 0.03 0.13 0.27 0.291
Hr 0.13 0.13 .20 0.09 0,27 0.27 0,52 4,54 4,58
Pb 1.65 0.95 .46 L.16 {La2 (0,95 1.42 2,20 2.2
Th 0.07 .02 Q.0 .02 .19 151 0.25 132 1.22
U 0,05 .02 0.02 0.01 0.09 0.08 0.09 0.42 0.42
ICenificd.

in clinapyroxenes {rom group 2 xenaliths, although
the reverse is seen in clinopyroxenes from groups 1
and 3 (Table 4). In addition, the Al-rich nalure is
further nceentualed by the presence of corundum in
granutile xenoliths KL5, K113, and K110, Corun-
dum is also present in xenoliths of similar compaosi-
tions elsewhere {e.s., Beni Bousera: Kornprobst el
al., 1990; Yakutia: Qi et al., 1997). Sumple KL12 is

unique; the whole-rock composilion resembles thal

ol the Cpx-rich group, but compositions of Cpx are
similar to the Gt-rich samples.

Two opposile Lrends of chemical zonalion are
also present in clinopyrosenes: (1} a-gradual
decrense in Al,(y (up 1o ~0.5 wi%) in mos! xeno-
liths of groups | and 2; and (2) a sharp increasc of
ALOy up 1o ~3 wi% towurd rims in KL14, KL7,
and KL8 (Fig. 7). Nuy0 and Ti0, also follow ihe

same zoning pallerns as Al,O,. Complimentary to
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FIG. 3. Whele-rock compuositions of the Thai granulite xenaliths, compured with granolite xenolith data from the
litersture {Chudleigh, Australia; Nudnick et ol., 1986; Mongolin: Stosch el ol., 1995). Well-defined negative trends of
Mg0 versus Si0, o olkali confent (NugO + K00 nre suggestive of igneous Mretionution. Swmples KL8 und KL12
appear lo follow the trends formed by more evolved xenoliths lrom the literature. The host bosult (open Iriamgle) is com-
positienally distinel lrom——and may not be cogenetie with the granulite xenoliths, Shuded area represents compositisns

of basuls lrom nearby baosaltic fields (Mukosa, 1996).

chemical gradients shown by these elements is the
opposite zonulion exhibited by MgO and 5i0,, due
1o the coupled snhstitution: SitMgl® & AIEIALG,
The slight deerease in Al toward the rims is typical
of u counling prolile in Cpx (Loock el al., 1990; Pear-
son et al., 1995), whereas the significant increase in
Al may reflect a period of subsequent rehealing for
some xenaliths.

Chemical heterogeneity is also observed within
the spongy lexture on Cpx rims. When compared
with the primary Cpx (vores), the residual or second-
ary Cpx (rims) becomes depleted in Al,(, and
Nn,0, concomitant with the increase in MgQ, Ca0,
and FeO conlents (Table 4). Taylor and Neal (1989),

Snyder el al. (1997a), and Spetsius and Taylor
(2002) interpreted this reduction of Al and Na in
Cpx as the result of metasomatic-induced parlial
melting, assisted by the host basalts or kimberlites.
In KL10, clinopyroxenes have core composilions
similar 1o those of other Gi-rich granulites, but with
rim compositions rending toward those of the Cpx-
rich gronnlites.

Plagioclase

Plagioclase compesitions range from generally
lubroderite (Ang, ;1) in the Gi-rich granulile 1o
andesine (Anys ) in the Cpx-rich xenoliths (Table
5), with slight variation in the orthoelase component
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fractivnation is suggested by the positive correlution with Ni, and by negalive 1rends formed by incooipotible iroee cle-

ments (Zr, HI, La, und Bu}.

{Fig. B). Plugioclase in mast samples displuys a
slight compaositional zonalion, except in xenolith
KL1i0 where il is considerably enriched in Nu und K
towurd the rim, consislent with the highly metasom-
atized texture of Lhis surmple. In cantrast, plagiociuse
in KL8 shows portially melted rinds along groin
hounduries that leave “residunl™ plagioclase (Pl,)
wilh a subslantial increase in anorthile contents
(i.e., from Any; at cares to Ang; ul rims; Table 5). In
the refalively [resh corundum-hearing samples (KLS
und K113}, there is also a slight incrense in An con-
terl in Lhe plagioclase rims (Fig. B).

Garnet and kelyphite

All garnels have been subjected to variable
degrees of kelyphitization; nevertheless, the campo-
sitions of either garnel remnunts or kelyphite within
a sanple (shown as average analyses in Tables 6 and
7) are largely homogeneous al the grain scale. The
relic garnel cores have pyrope components (Pyr)
runging from ~60 to 68 mol%, similor to these
obiained [rom the bullk compositions of kelyphile.
Nole that Nay,O contents of kelyphite, although
small, are deleclable and indicate the introduction
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FIG. 5, Whole-rock HEE proliles (chondrite normalized; Anders und Grevesse, 1989) of three gronalite xenalith
groups slow general similarilies with the Chudleigh pranulite xenolits (Rutnick et al., 1986) ond the Omun ophiolile

cumulales (Renoit et al., 1996). Positive Eu unomalies are nbserved in most suniples, sugaesting Lhul plugioelase accu-

mulotion eecurred in the protoliths.

ol certain components outside gumet. In contrasl,
K,0 is undetected (<0.03 wi%).
Spinel

Two dilferent coniposilional groups are present.
(1) Primary spinels in the O1-Gt elinopyroxenile
have composilions similur to spinels that oceur in
the spongy rims ol clinopyroxene (Table 8). Boil
have Mg# of approximately 77, with 0.3-0.4 wi%e
NiO and undeteclable TiO, (<0.03 wi%). (2) Sec-
ondary spinels, which oceur as rims uround corun-
dum inclusions, have lower Mg# (62) and NiQ
contents (.14 wi%), but higher TiO, (0.13 wi%).

Olivine and corundum

The Fo conlenl ol clivines in the O1-Gt clino-
pyroxenite (KL9) xenolith is ~B6 (Tuble 9), which
is slightly lower than that for olivines in a Thai
welulite xenolith (~88) reparted by Prompraled el
al. (1999). Corundum inclusions contuin approxi-
mutely 0.5-0.6 wif% Fe,04 conlents, naticeably
higher than their Cr,0, concentrations (0.03-0.20
wt; Table 9). The umounts of these Lwo elements
[all within ranges obtained fram some blue supphire
(Tntasopa et ul., 1999) und u Cpx-hosted corundum
inclusion (Suithirat el al., 2001), recovered ront Lhe
nearhy busualt.
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Iz, 6. Mujor-clement compuositions of representative eore and rim unolyses of clinopyroxenes in olivine-gurnet cli-
uopyroxenite (group 1), gamet-rich granulite {group 2), and pyroxene-rich granulite (group 3) senoliths. Only sclected lie
lines thut join between core and rim analyses of (he swne samples ure shown Jor elarity, Envelopes represent the distri-
bution of ¢ll unadyses, witl an exception for rim analysis of sample KL10 thal may have been alfected by metasomatism.
Nnlice Lhe higher ALQ, in cores far group 1 and [or the njorily of group 2 xenoliths: the oppostte is seen far group 3 and
K114 of group 2. Shaded fields eneomposs enrundwm-bearing sumples in s study, The shuded arow in the ALO, plot
represents 1he Cpx compositions in mafie rcks thot contain corundum, based on s study und data in e lileruture
{Beni Bousera: Kormprohst et al., 1990; Yakuliu: Qi et ol., 1997).

ol the presenl study. Moreover, these grunulite xeno-

Discussion liths were probably derived [rom basaltic-cumulale
prololiths, based on the [ollowing ralionale. First,
the xenoliths exhibit simple mineralogy, mainly
The systemalic vuriations in whole-rock major Cpx, GL, and Pl that can be produced by metamor-
and Irace elements as a luncljon of MgO suggest 0 phic reaction of basaltic cumulates (see below). This
genelic relulionship among lhe granulite xenoliths  can be tested by caleulsling normative mineralogy

Origin of the granulite xenoliths
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rims, wherens Mg(} increnses. More pronounced zonalions in
the opposite sense are seen in elinopyroxenes of group 3.

using the whole-rock eomposilions {an approach
employed by Rogers and Hawkesworth, 1982 and
Rudnick el ul., 1986), and assuming thal the granu-
lite xenoliths have lurgely preserved their oniginal
protolith chemistry. This approach suggests thal oli-
vine, plagioclase, ond diopside were presenl ini-
lially (Table 2) in prololiths such as troctalile and
olivine gubbro. This interprelation is strenglhened
by REE patterns of the Thai granulite xenoliths that
resemble Lhose of the Oman 1roctolite and
Chudleigh granulite xenoliths (Fig. 3), both of which
conluin {exlural evidence of igneous origins. Sec-
ondly, erystal fractionation cuuses significant varia-
lions in the concentration of compatible trace
elements (e.g., Ni and Cr), wherens o smull smount
of fructivnation only slightly affects the abundances
ol incompatible trace elements {e.g., Lu, Ba, and T'h)
in the cumulates, resulting in the low and relatively
uniform abundances of these elemenls (Rudnick et
al., 1986). These crileria are consistent wilh o sig-
nifieant varialion in Ni contents {~109-593 ppm),
but limited changes in the concentrations of incom-

PROMPRATED ET AL

patible elements (e.g., Zr, HI, La, Ba, and Th; Fig.
d4), us abserved in this sludy.

The transformation of cumulate protoliths to gar-
nel-bearing granulile-facies rocks has been sug-
gested to occur during cooling {rom the initiul
igneous condilions, [ollowing ihe reaction: Pl + Ol =
Cpx + Gt (Hurley, 1989; Pearson et al., 1991). In the
present study, most samples conluin Cpx, P1, und G,
except for KL9, in which Ol, Cpx, and Gt are
presenl. Thereflore, il iz inlerpreted Lhat, in most
coses, olivine wos less sbundant and, hence, con-
sumed by the reaclion producing the assemblage of
plagioclase, clinopyroxene, and gurnet (or its sec-
ondury produet—kelyphite). In contrast, plagio-
clase in clinopyroxenite KLY appears 1o have heen
consumed firsl, resulling in the fnal ossembloge
with 0l, Cpx, and Gt. The oceurrence of plagioclase
in the protolith of KL9 is {urther supported by the
preservation of o positive Eu unomaly in the whole-
rock chemistry (IMig, 5). This {eature haos been previ-
ously reported in plagiocluse-free gurnet pyroxeni-
tes [rom Beni Bousera (Kornprobst et al., 1990},

Development of secondary texture: kelyphite and
spongy rims

As noted ubove, alleralion overprinting garnet in
the Thai gronuliie-xenolith suite generally oceurs as
fine-grained or fbrous-like mineral aggregnles or
kelyphite. Typically, kelyphite is produced by: (1)
melusomutic teaction belween garneis and kimber-
litic or hasaltie magmus (Hunter und Taylor, 1982;
Garvie und Robinsan, 1984}, or {2) the reaction of
garnets with surrounding mineruls sueh as olivine,
pyroxenes, and plagioelose (Obata, 1994} Kelyph-
ite produced by metusomulic processes usually
exhibils un inerease in K,0, No, 0, and H,0 + CO,,
compared with its gamet precursor (Hunier and Tay-
lor, 1982). This results in the formution of u vanely
of minerul ussemblages, including pyroxenes, pla-
gioclase, spinel, phlogopite, amphibole, olivine, nnd
K-rich glass (Taylor and Neal, 1989; Zang et al.,
1993; Sabolev et al., 1994; Snyder i al., 1997). In
controsl, kelyphile lormed by the reaction of gurnet
with adjacent pyroxene or plagiocluse generally pro-
duces assemblages that contain orthopyroxene,
spinel, plagiocluse, olivine, und ilmenite (e.g.,
Kushiro and Yoder, 1966; Thompson, 1979; Rud-
nick, 1992; Obata, 1994).

In the Thai granulite xenaoliths, kelyphite is
extremely fine grained {<1 pm) such that the constit-
nent minerals can only be analyzed in aggregate
with an electron beam. The analyses show that
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Sumple: Klda KL13 KL5 KL11 KL12

c r ¢ r ¢ r ¢ r ¢ r
5i0, 32.5 52.3 52.9 52.3 53.2 53.0 53.6 53.2 53.8 .7
Al._,OH 20.6 20.3 20,1 20,4 28.9 29,1 28.7 208.7 20.7 291
CoO 1240 12.6 120 12,3 11.5 11.7 11.6 1.7 11.2 11.3
FeO 0.07 0.16 0.03 0.08 0.07 012 .05 0.16 0.05 0.13
No,( 4,35 4.16 4.59 4.21 4.96 4.73 5.08 .64 5.22 491
K0 0.08 0.14 0.07 0.13 0.10 0.11 0.20 0.19 .03 0.27
Telal 08.92 91.65 on.67 98.56 98.74. 9B.46 90.23 98.635 98.94 100.40

Cations based on 8 oxygens

Si 2,402 2,403 2422 2 2,435 2426 2445 2440 2454 2.460
Al 1.595 1.587 1.573 1.594 1.560 1.571 1.543 1.551 1.541 1.540
Cu 0.606 0.61%9 0.589 0.607 0.565 (.575 0.565 0.576 0.546 0.543
Ie 0.003 0.006 0.001 0.003 0.003 (L005 (.002 0.006 0.002 0.005
Na 0.386 0.370 0.408 0.475 (1444 (1419 0.444 0412 0.462 0.428
K 0.005 0408 0.0 0004 3.406 (LO06 0.012 0.011 0.002 0.016
z 4997 4.997 4.997 4.991 3.000 3.002 3.011 4,990 5.007 4,992
An G(L78 62.09 58.04 61.31 55.89 57.46 8534 27.60 54.06 55.02
Ah 38.72 37.11 40.76 37.88 43,52 41,90 43.49 41.24 45,74 1336
Or 0.50 0.80 0.40 0.81 0.59 0.6 1.18 1.10 (1L.20 1.62
Samnple: KLl4 —— KL10 KL7 KLB

o r I r r/enr I r C r * SpEyY
5i0, 52.7 53.7 53.7 55.9 50.2 57.4 50.2 ah.g 59.2 al4 76.2
ALO, 29.3 20.3 28.8 26.9 30.9 26.4 25.4 3”9 25.4 303 26,7
CuO 12.2 12.0 11.2 9.44 14.2 8.53 7.8 7.33 7.43 13.3 9,29
e 047 0,37 0.08 0.31 (.45 (.09 0.16 0,12 0.24 0.39 0.52
Na,0 +4.55 d.A8 3.5 5.62 3.26 0.29 0.74 7.08 6.86 3.74 3.71
K,0 0.22 0.4 .20 0.65 0,19 0.16 0.20 0.35 0.4 0.21 0.50
Totn) 99.04  100.18 99.06 98,78 99,22 99.23 98.61 99.35 99.55 941 95.94

Cavions bosed on 8 oxygens

Si 2409 2.42B 24450 .547 2,309 2,591 2.636 2,640 2.654 2.355 2.550
Al 1.581 1.560 1.547 1444 1.676 1.407 1,358 1.362 1.343 1634 1.434
Ca 0.599 0.580 0.547 0,461 0,699 0.412 0.301 0.353 0.357 0.653 04338
Fe 0.003 0.014. 0,003 0.012 0.017 0.003 0.006 0.005 0.009 0.015 0.020
Na 0.4 (L3493 0447 0497 (1290 0.577 {1.592 0.617 0.596 0.332 0.503
K 04114 (LO26 001l 0.038 (LOL1 0.009 0.015 0.020 0.025 0.012 0.029
z 5.008 5.001 3.005 1.999 5.002 4,999 4,988 4.997 4.984 5.001 4.994
An 59.01 58.006 54.43 40.29 69.90 41.28 38.56 35.66 36.50 65.50 45.99
Ab 39.70 39.34 44.48 49.90 20.00 57.82 59.92 61.32 60.94. 33,30 51407
Or 1.28 2.60 1.09 3.01 1.10 0.90 1.52 2.02 2.56 1.20) 2,94

1

melled rim of plogioclase; spey = 2nd plagioclase within spongy rim on Cps.

e, = core und rim analyses, respectively; tfeor = the rim of plugioclase mantling corundum grains; r* = the panially
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An

"6, B. Representalive core und rint compuositions of plagioclases shown with anly selected tie-lines for clarity, Symbaols in

the upper quadrilotert are described in Figure 6. All analyses ure alsa platted in the lower quadrilsleml 1o indicate composi-

tivonl varialiens within ench group, Opea dizmonds = gruop 2; vpen Leiungles = group 3,

compusilions of kelyphite are similar to those of gar-
net precursors, bul with slight increases in the Na, 0O
conlenls of kelyphite {up to 0.12%; Tuble 7). Such
an incrense is possibly balanced by o small decrease
in Na as well as Ca and Al in rimn wnalyses of the
surrounding plagioeluse and clinopyroxene, os evi-
dent in the Cpx compositional profile shown in Fig-
ure 7. Furthermore, kelyphite K,0 contents are
undetectable, suggesling thal cliemicnl contribution
from K-rich metnsomatic fluids. such as those relul-
ing to the host bosalls, wos insignificant. Based on
these ohservations, it is Hkely that kelyphile on gar-

nets in the Thai gronulite xenoliths are the result of

metamorphic renction belween garnel and surround-
ing elinopyroxene and/or plagioclase. This kelyphil-
izalion was possibly developed upon decompression
thot oceurred during the trausportation of granulite
xenoliths towurds the Earth’s surface (Rudnick,
1992; Obata, 1994). The relutively brief uscending
time ol these xenoliths may olso have limited the
progress of kelyphitization, resulling in Lhe
exiremely line grained nalure of the kelyphite
ohserved in this study.

Spongy-textured rinds or spongy rims are lote-
stage reaetion textures developed on clinopyroxene,
as lhe consequence of partinl melting induced by

metusomalisnt {Taylor and Neal, 1989; Snyder et ul.,
1997h; Spetsius and Taylor, 2002). This partial
melling involved the “leaching” of Nu and Al from
primary ¢linopyroxene (Cpy,), and the formation of
secondary phases in the spongy rims, charocleristi-
cally between grain boundaries. In the present
study, the spongy rims usually developed locally on
the Cpx grains that are near the xenolith-host hasalt
interfnce, or on grains inlersected by microlractures
extending [rom the xenolith boundaries. This sug-
zests that host basalls are the most likely sources of
the K-rich fuids, which are required for the spongy
rim formation. This is in conlrast with the formation
ol kelyphite that cceurs ubiquitonsly on all garnet
grains in the xeneliths, with no evidence ol melaso-
matic reaction. From lhis pelrographic and
reochemical evidence (Tables 4, 5, and 8}, a reac-
tion applicuble to the Thai pranulite xenoliths can
be {formulaled as follows:

Cpx; + Kerich fluids =>
Cpxy + Spo/Ply + K-rich glass.
Snyder el al. (1997h) suggested that the inlensily of

this reaction is o function of the residence time of
the xenolith in the hosl magma.



TABLE 6. Average Composilions of Garnet in Grunulite Xenoliths!

MAFIC GRANULITE XENOLITHS

Sumple: KL9 KL5 KL12 KL13 RL11
No.? a 1t 15 1} 12
5i0, 115 (3 41.7 (1) 417 (1) 41.8 (1) 41.6 (3)
Tig, 0.0:- (1) 0.04 (2) 0.0:4 (1} 0.06 (1) 0.04: (1)
AlLO, 23.9(1) 23,7 (2) 23.7(1) 23,6 (2) 23.6(1)
Cr,0, <0.03 0.03 ) (.09 (1) <0.03 <03
MgO 19.8{1) 18.2 (3) 18.1 () 17.6(3) 17.2(3)
CoO 14.77(12) #.400({12) 6.94.(17) 8,50 (18) B.27 (28)
MnO 0.20(2) 0.13 (3) 0.20(2) 014 (2) 0.16 (2}
Fel} 9.97 (7) 7.95(15) 9.5 (13) 8.36(12) 9,25 (26)
Nuzﬂ <(h03 <0.03 <{.03 <0.03 <(hO3
Total 100.28 99,81 100.27 100.00 100.07
Cations bused on 12 oxypens
Si 2957 2979 2.979 2,988 2,982
Ti 0.002 0.002 0.002 0.003 0.002
Al 2,005 1.997 1.995 1.990 1.992
Cr {LO01 0.002 0.005 0.001 0.001
Mg ) 2,103 1.944 1.928 1.4872 1.840
Ca 0.364 0.612 0.531 0.651 0.630
Mn 0.012 0.008 0.2 0.009 0.010
Fe 0.594 0475 0.561 0.500 0.555
Na (L0l 0.001 0.001 0,001 0.001
z B.038 8,020 8.019 B.074 a.019
Pyr 68.1 6,0 63.5 6.7 60.5
Alm+3ps 19.7 15.9 1.0 16.8 18.6
Grs 11.8 20.2 17.5 215 20,9

INumber of unalyses of relic garnel cores used in the nverage.
“Represent 1 @ of replicale nnolyses in term of lost unit cited,

P-T estimuies

Granulite xenoliths that altained chemical and
lextural equilibrium, as indicated by compositional
homnogeneily among coexisting minerals and abun-
dant triple-junction grain boundaries, were used for
pressure-lemperalure estimales, These crileria, par-
ticularly mineral chemistry, render sumples K17,
KL8, and KL14 useless [or P-T estimalions,
hecause the clinopyroxenes are strongly zoned (Fig.
7). For suilable samples, only core compositions of
primary minerals were used to avoid secondary
producls developed ol rims of Lthe primary minerals
or alang grain beundaries. P-T estimuales obtuined
Irom the cores, Ltherefore, represent the lnst equili-

bration conditions prier 1o the development of these
sceeondary lexiures. All P-T coleulations were car-
ried out using seversl mineral pairs in a given
sumple.

Using u number of Cpx-Gl thermometers (at 15
lkhar reference pressure), temperature estimales
[rom the grunulite xenoliths in Thailand are upprox-
imalely 1100-1200°C (Tuble 10). The thermometers
used here ure relatively insensitive to pressurc
changes, consistent with observalions in previous
studies (Peurson et al., 1991, 1995). For instunce,
lemperature coleulations using reference pressures
of 10 and 20 kbur resull in only + 20°C variations
[rom those at 15 kbar pressure. Generally, Ellis and
Green (1979) temperalure estimates (1095-1193"C)
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TABLE 7. Average Compositions of Kelyphite in Granulite Xenoliths!

Sample: KL9 KL3 KL12 K113 KL11 KLebu KL7
No.2 15 17 18 19 23 31 a
Sid1, 41.8 (3} 41,7 (1) 418 () 11.8(3) 41.7 (2) 1.5 (3) A0.5 {3)
TiO, 0.03 (1) {04 (1) (04 (1) 035 (1) 0.03 (1) 0,04 (2) .13 (1)
ALO, 217 (2) 23.7(2) 23.7 (3) 23.5(3) 24.6(2) 23,6 (1) 22.7(3)
Cry0y 0.03(2) <03 0.3 (1) DO4E) < 0.08 (4 .08 (2)
Mal} 19.7(2) 1.0 (3) 17.6 (4) 17.3 () 170 17.05 () 12,6 {3)
Cal) 4.53 (25) 703(26) 70427 04727 816(31)  TEO(GL) 7.2 (i)
MnO 20 (3) 0.14 (3} 0.20(3) 0.15(2) 0.16{2) 0.16(2) 0.40 (3)
FeD 0.87 (14) 7.01 (13) 0.37 (18) B3L(22)  9.14(26) 0.00(41)  15.3(6)
Ku,0 012 (9) 0.10 (6) 0.09 (4) 0.06 (6) 0.06 (5) 0.07 (6) 0.07 (4}
R0 <0003 <0.03 <0.03 <0.03 <0.03 <(L0O3 <.08
Totul 09,96 99,53 99.91 99.50 99.87 99.43 99,17

Lapulk” kelyphile analyses were oblained using a 10 pne besm.
Number of analyses used in the uveruge.

"Mepresent L o uf replicate unalyses in term of last unit cited.

TABLE 8. Representative Analyses of Spinels!

Sample; KLY KL10 KLID
SPEY teor
Sidl, 0.04. 0.03 0.06
Ti0, <(.03 <0.03 0.09
ALy, 66.0 66.4 65.7
Cr,0y 0.41 0.04 0.04
MpO 213 212 16.1
MnO «<0,03 0.03 .20
Fel) 114 1.6 17.2
NiO 0.33 0.42 0.12
Znl} {L14 {LO9 0.05
Total 99.538 99.82 99.61
Calivns bused on 4 oxygens
Si 0.001 0.001 0.0
Ti 0.000 0.000 0.002
Al 1.958 1.965 1.096
Cr 0.008 0.001 0.001
Mg 0.800 0.793 0.619
Mn 0.000 0.001 0.004:
Fe 0.239 0.243 0.372
Ni 0,007 0009 0.003
Zn 0.003 0.002 0.001
z a0lo 3.017 2999
S Mg 77.0 76.6 62.5

tspay = 2nd spinet within spongy fm on Cpx; tfeor = dm of

spinel that surmunds corundum core.

are in gond agreement with those of Powell
(1985)(1088-1194°C), wheress the largest diller-
ences occur between those [rom Ganguly (1979) and
Krogh (1988) thermometers (1124-1184°C and
1043-1223°C, respectively). The moximun tem-
perature difference (£44°C) observed in KL9 is pos-
sibly due to the low grossular content of gnmet that
allects Lhe partitioning of Fe?* and Mg in both gar-
net and clinopyroxene {Krogh, 1988).

Equilibralion pressures were obtoained [rom the
barometer of Eckert et al. (1991), using averuge
tempernlures. This baroineter is calibrated {rom the
assemblage Cpx-Gt-Pl-Qtz and is essentially a mod-
ification of the Newton and Perkins (1982) barome-
ter. [ is obvious {rom this and other studies {e.g.,
Pearson et al., 1991) that this borometer is relatively
insensilive lo temperature changes. That is, a varia-
tion of ~100°C results int o change of only 1 kbar,
which is well within the preeision of this baromeler
(x1.90 kbar). Calculations using mineral composi-
tions of the Thai granulile xenoliths yield a small
pressure range of ~15 to 18 kbar (Table 10). Pres-
sure canual be eslimated [or O-Gt clinopyroxenite
KL9 due to the absence of plagioclase.

The pressure eslimates of 15-18 kbar tronslute
Lo depths of ~50-60 km (assuming 3.3 lkm = 1 kbar).
If the gronulite xenoliths represent lower crustal
frugments, these depths suggest relatively thick
crust in a region that had experienced recent hasalt
volcanism (Kopylova et al., 1995}, Aliernatively,
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TABLE 9. Average Compositions of Olivine and Corundum?

Sumple: KLY KLS KiL.10 KL13
01 {42 Cor (15) Cor (14) Cur (9)
5i0, 39.9 (3 TiQ, 0.03 (1) <0.03 (2} 0.04 (0}
MgO 46,8 {4) ALD, 98.8 (3) 99.6 (6) 99.3 (4)
CaD 0.06 (1) Ciy0, 030 (10) 0.04.(2) 0.03 (2)
MnD - 0.09(2) Fe,0, 0.62 (7) 0.49(13) 0.46 (10
FeQ 13.1 (0) Mg0 0.03 (1) 0,03 (1) 0.03 (0)
Ni(} .26 (4)
Total 100.25 Totul 99.63 100.18 99,85
O-hasis: 4 3 3 3
Si (.992 Ti 0,000 0.000 0,001
Mg £E734 Al 1991 1.992 1.993
Ca 0.002 Cr 0.003 0,001 0,000
Mn 0.002 Fe 0.008 0.006 0.005
Fe 0.273 Mg 0.001 0.001 0.001
Ni 0.005
by 1.008 by 2,001 2.000 2.000
o 16.38

LAbbreviations: Ol = olivine; Cor = corundum,
Number of analyses user in the avernge.

"Mepresent | & of replicate analyses in term of last unit cited.

We is analyzed as Fe,0,.

v

these granulites could have been derived from mafic
lenses that intruded into the upper mantle wall rock
(Chen et al., 2001). In a broad sense, it can be
inferred that these granulite xenoliths represent the
lower continental crust at the crust-montle ransi-
tion zone.

Formation of corundum. inclusions

Unraveling Lhe origin of gem-quality corundum
in the region of Thailand hos been a mojor goal of
several investigalions (e.g., Coenraads el al.. 1995;
Levinson and Cook, 1995; Guo et al., 1996; Suther-
land et al., 1998; Limirakun et al., 2001; Sulthirat ¢l
al., 2001). Despite these efforts, however, there is
still no consensus regarding the genesis of these
gem-quulily cotundum megacrysts, partly because
ol the apparent absence of corundum-bearing rocks
that could provide detailed petrologenetic informa-
tion. Onr corundum-bearing granulile xenoliths may
represent this missing informution. However, there
are apparently different mades of origin for corun-
dum inclusions and gem-corundum megocerysts, so

we limit dur interpretations to the formation of
corundum inclusions in granulile xenoliths. Never-
theless, our corundum-hearng xencliths place con-
strainls on the condilions al which corundnm
crystallized, and are potentially useful for Intnre
elforls Lo understand Lhe genesis ol these gemstones.
In this study, corundum oceurs us inclusions in
three granulile xenoliths of the gornet-rich group
(KL5, KL10, and KL13), but is distributed heteroge-
neonsly in the sindied thin sections. These inclu-
sions are ohserved only within plagioclase and
kelyphite hosts (IFigs. 2B and 2C); none has heen
found in clinopyroxene or olivine, or as discrele
groins. Moreover, corindum is typically surrounded
by spinel rims, and, in some cases, by inlermediale
rims of spinel and outermost rims of plagioclose.
High-pressure metamorphism has been used lo
exploin the {formation af corundum in some mafic
rocks. Kornprobst el al. (1990) inlerpreted corun-
dum in garuet clinopyroxenites lrom Beni Bousera,
Moroeco as the product of high-pressure metamor-
phism of bosaltic-cumulate protoliths that contained
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TABLE 10, Temperatute and Pressure Estimutes of Grunulite Xenoliths from Thailand!

T (°C) P (kbur)
Samples EGTO G79 Pas KB Av S.0. g1
KLO 1110 1152 1093 1043 1097 44 -
KL12 HI95 1124 1088 1085 1008 18 13.5
KL 1162 1158 1161 1190 1168 15 180
K13 1188 1174 1188 1223 1193 21 18.1
KL5 1193 1184 1194, 1223 1199 17 18.4

YEG79 = Lllis and Green, 197%; G79 = Ganguly, 1979; P85 = Powell, 1985; KBB = Krogh, 1988:
E91 = Eckert ot al. (1991). Temperature cslimales were caleulaled at o pressure of 15 kbur reference pressure. Pressures

wore calenfoted using average lemperalures.

Cpx, OL, and Pl. Similarly, Morishila and Arai
(2001) stated that corundum in mofic rocks from the
Horoman peridotile complex In Japan [ormed by the
reaction: spinel + anorthite = 2 corundum + diop-
side, which occurred at >15 kbar and ai 1000°C.
Corundum inclusions described in the present study
may have [ormed by such a metamorphic process.
However, il is dillicult 1o expluin the exclusive
occurrence of corundum as inclusions but never as
discrete grains, as occurs in the aforementioned
studies.

Corundum inelusions in plagioclase can be the
result of AL, exsolving from a plugioclase host at
elevaled pressures and lemperatures (> 9 kbar und
1200°C; Goldsmith, 1980). This corundum exsolu-
tion, then, results in non-stoichiometric or Al,O,-
deficient anorthite with site vucancies. This process,
however, may nat be applicable to this study, inas-
much us EMP anulyses, apparently, suggest stoichi-
ometric anorthite in all studied Cor-bearing
grunulite xenoliths (Table 3).

Partial melting of Al-rich mafic rocks at high
lemperatures and pressures also produees corun-
dum vs a liquidus phose (e.g., Riheim and Green,
1974 Presnall et al., 1978; Milholand and Presnall,
1998). Plagioclose mells incongruently at high pres-
sures, Le,, > 10 kbar, prodncing corundun erysials
{Boyd and England, 1961; Hariys und Kennedy,
1968; Presnall el al., 1978). This partiol melting of
plagioclase-hearing rocks ut elevuled pressures
secms consistent with the presence ol corundnm
inclusions within sloichiomelric plagioclases, and
with the high P-T history (i.e., ~1190°C and 18
kbar) of the corundum-bearing samples (K[1.13 und
KL5). The rare occurrence of corundnm in these

samples suggests that partin]l melling of the grunu-
lite xenoliths or their protoliths must have been
within the lower crost, limited in extenl, und with no
significant amount of melt being extructed. Possibly,
the melting that resulied in the corundum lormalian
is a late-stage process relating to basaltie magma-
tism that eventually brought granulile xenoliths to
the surfuce. This scenario is in ugreement with the
whaole-rock chemistry, particularty REEs, which has
lurgely preserved the protolith signature. It is
unclear, however, il Lhis partial melting occurred in
the O1-Pl-Cpx protoliths or alter the trunsflormation
to the garet gronnlites, becouse both rock types
eonlain plagioclase thal could have melled incon-
gruently. Inasmncli as corundumn inelusions ore alse
[ound in kelyphitized garnels, it can be inferred thal
some plugioclases alrendy contuin eorundum inclu-
sions prior to Lheir complele lransformalion lo gar-
nets. Although corundum inclusions were not
observed in unallered garnet grains, this is probably
due to the rure oceurrences of comndurn inelusions,
and the consistency of kelyphitization that oceurred
on all gumet grains,

In sample KLI(, many corundum inclusions
appear Lo have been reacled to spinel, and, in a lew
cases, lo spinel + plagioclase rims (Fig. 2C). Tn con-
trast, corundum inclusions in KLS are in direct con-
tnct with kelyphite, without any renction lexture.
Thus, il is pussible that these rims are Lhe product of
reaction between corundum and external compo-
nenls, possibly melasomalic luids related 10 the
host basalt. The abundant oceurrences of spongy
rims on Cpx in granolite KL10 are consistent wilh
this interpretation. Morishita ond Arai (2001; and
relerences Lherein) proposed a possible renclion of
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corundum disappearance: 2 corundum + diopside =
spinel + anorthile. Applied to this stucy, this reac-
lion could be writlen as:

corundum + melasomatic Auid =

spinel £ anorthite.

There is un apparent correlalion between the Al
content in Cpx und the presence of corundum in
granulite xenoliths. As demonstruled in Figure 6,
corundum only cccurs in the samples in which
clinopyroxene contains at least ~14 wi%e Al,Q,.
Occurrences of corundum in mafic rocks elsewhere
are consistent with this observalion. Based on P-T
estimales oblained in this study, it can be inferred
that corundum in matic rocks crystallized al a mini-
mum temperature and pressnre of approximately

1196°C and 18 kbar.

Conclusious

Mineratogical and geochemicul evidence sug-
gests Lhal the granulile xenoliths from the Chant-
aburi province of Thailand were derived [rom
basaliic cumulate protoliths similar to Lroctolite and
olivine gabbro. Subsalidus reequilibration later
transformed these cumulate protoliths to grannlite-
lacies lithologies by lorming garnet and clinopyrox-
ene al the expense of plagioclase and olivine. P-T
estimales indicale thal the granulite xenoliths were
lasl equilibrated at ~1100-1200°C and 15-18 kbar,
consistent with lower-crustal/npper-mantle depihs
of approximately 30 to 60 km. Interestingly, the
upper limit of this P-T range (i.e., 21190°C, 18
kbar) marks the appearunce of corundum inclusions
that coexist with clinopyrosene in which Al,Q0, con-
tents are 214 wi%. These corundum inclusions pos-
sibly formed by incongruent melting of plagioclase
as u resnlt of a briel, late-stage partial melting
periad, which possibly oecurred prior to the comple-
tion ol the granulile-facies metamorphism. Although
the liming of igneous and metamorphic events
involved in the formation of granulile xenoliths cun-
nol be constrained by the presenl study, based on
the radiometric-duting datn of Thal basalis (0.6-9
Mau; see references in Promprated et al., 1999), it is
reasonable to infer that granulite-forming events are
Late Cenezvic phenomena.

Granulite xenaliths observed in this study pro-
vide direct evidence [or the presence ol mafic lower
crusl beneath Thailand. 11 Is possible thal Uie gener-
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ation of this lower crust waos a consequence of
underpluting during prolonged periods of basaliic
maogmalism in the Late Cenozoic, which eventuully
erupled und brought up gem-qualily corundum
megacrysls.
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