
Contrib Mineral Petrol (1994) 116:145-155 Contributions to 
Mineralogy and 
Petrology 
�9 Springer-Vcrlag 1994 

Sapphirine and Ti-elinohumite in ultra-high-pressure 
garnet-pyroxenite and eclogite from Dabie Shan, China 
Aral I. Okay 
ITU, Maden Fakiiltesi, Jeotoji B61iimii, Ayaza~a, [stanbul, Turkey 

Received May 18, 1993 / Accepted September 15, 1993 

Abstract. Sapphirine occurs as inclusions along with 
clinochlore, enstatite, talc, corundum, gedrite, horn- 
blende and phlogopite in mill• garnets from the 
orthopyroxenites in a 50-m-thick mafic-ultramafic lens in 
Dabie Shan in China. The lens, enclosed by felsic gneiss, 
is made up of metre-scale intercalation of garnet-or- 
thopyroxenite, garnet-clinopyroxenite, eclogite and 
gneiss. The equilibrium conditions of the matrix miner- 
als, as determined from the Fe-Mg exchange equilibria 
between garnet and orthopyroxene, and AI solubility in 
orthopyroxene were 740 _+ 50~ temperature and over 
40 kbar pressure. Pressures of over 28 kbar are also indi- 
cated by inclusions of quartz pseudomorphs after coesite 
in garnet from the eclogites. Phase relations among the 
inclusion minerals, on the other hand, indicate similar 
temperatures of 730 • 30~ but much lower pressures of 
4 • 2 kbar. The mafic-ultramafic lens was therefore not 
a direct mantle fragment but  was probably a low-pres- 
sure cumulate in the upper crust. The early granulite-fa- 
cies metamorphism was most likely part of a Precambri- 
an event genetically unrelated to the Triassic ultra-high- 
pressure metamorphism. Ti-clinohumite occurs in gar- 
net-orthopyroxenites as a matrix mineral and appears to 
have been stable during the ultra-high-pressure meta- 
morphism. Its stability was controlled by the fluorine 
fugacity as documented by its reaction textures with 
olivine. 

Introduction 

Sapphirine is a characteristic mineral for the granulite-fa- 
cies metamorphism of magnesium- and aluminium-rich 
and calcium-poor rocks, and is fi'equently associated 
with orthopyroxene, cordierite and sillimanite. Here, I 
describe sapphirine along with enstatite, clinochlore, 
gedrite, corundum and talc as inclusions in garnet from a 
pyroxenite-eclogite lens from the ultra-high-pressure 
metamorphic terrain of Dabie Shan. The presence of sap- 

phirine provides tight constraints on the early P-Tevolu- 
tion of the ultra-high-pressure metamorphic rocks. 

Another interesting mineral that occurs in the same 
outcrop with sapphirine is Ti-clinohumite, Ti-clinohu- 
mite has a composition similar to olivine but contains 
hydroxyl groups in its structure and is therefore consid- 
ered as a possible site for water in the mantle (McGetchin 
et al. 1970). Although i t  is described from kimberlites 
(Aoki et al. 1976), its relevance as a high-pressure phase 
in these heterogeneous rocks is debated (Smith 1977). It is 
relatively common in the Alpine antigorite-serpentinites 
as a secondary mineral and breaks down to olivine and 
ilmenite at temperatures as low as 520~ (Trommsdorff 
and Evans 1980). However, its thermal stability increases 
through the substitution of OH by F, as confirmed by the 
experimental work of Engi and Lindsley (1980). In accor- 
dance with this, Evans and Trommsdorff  (1983) described 
F-bearing Ti-clinohumite in association with olivine and 
orthopyroxene and inferred it to be part of the garnet- 
lherzolite mineral assemblage. In the investigated pyrox- 
enite-eclogite lens, Ti-clinohumite-bearing garnet-or- 
thopyroxenites are interlayered on a metre scale with 
eclogites thus providing further constraints on the P - T  
stability of the Ti-clinohumite. 

Geological setting 

The sapphirine and Ti-clinohumite-bearing rocks occur within the 
Dabie Shan Complex in the eastern part of the Qinling orogen in 
China (Fig. 1). The DaNe Shan Complex is a 150-kin-wide gneiss- 
granite belt that consists of several tectonic slices with different 
metamorphic and structural features all intruded by voluminous 
Mesozoic granitic bodies (Okay et al. 1993). One such slice is the 
eclogite zone, made up of granoblastic, felsic gneiss with eclogite 
lenses and bands, and marble layers with calcium-rich eclogite 
boudins and rare ultramafic-eclogite bodies. Coesite and diamond 
occur as inclusions in garnet and pyroxene in the ectogites (Okay et 
al. 1989; Wang et al. 1989; Xu et al. 1992). A Triassic regional 
ultra-high-pressure metamorphism is suggested for the eclogite 
zone based on the geochronology and petrology of the eclogite, 
calc-silicate rock and gneiss (Okay et al. 1989; Okay 1993). The 
eclogite zone forms a 20-kin-thick regularly south dipping gneiss- 
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Fig. 1. a Tectonic map of eastern China showing the location of the 
studied area. b Tectonic map of the DaNe Sban region; the investi- 
gated Maowu body is indicated 

rich sequence that is tectonically sandwiched between two amphi- 
bolite-facies slices (the northern zone and the Susong group of 
Fig. 1). It includes metres-thick and ten-metres long ultramafic lens- 
es, which make up less than 1% of the whole sequence and are 
mostly antigorite-serpentinites. One exception is the sapphirine- 
and Ti-clinohumite-bearing Maowu body that consists of fresh gar- 
net-pyroxenite and eclogite. 

Field relations 

The Maowu pyroxenite-eclogite body forms an irregtflar lens, 
210 m long and 50 m thick, in the granoblastic felsic gneisses 9 km 
north of Taihu (Fig. 1, lat. 30030'00 ,, N, long. 116018'20 ,, E). A map 
and cross-section of the body are given in Figs. 3 and 4 of Wang et 
al. (1990); however, unlike Wang et al. (1990) no serpentinite or 
peridotite was observed in the field or in the samples collected. The 
Maowu body is well exposed in a small disused quarry where it is 
seen to consist of metre-scale intercalations of garnet-orthopyrox- 
enite, garnet-clinopyroxenite, eclogite and gneiss (Fig. 2). The inter- 

nal fabric of the pale olive-green garnet-orthopyroxenite layers is 
defined by cenfimetre-scale, red garnet-rich bands, while there is 
millimetre-scale streaky banding in the garnet-clinopyroxenite and 
eclogite layers defined by variable concentrations of bright green 
clinopyroxene and red garnet. Very friable felsic gneiss bands with 
talc- and chlorite-rich reaction zones are intercalated in the se- 
quence. 

Petrography 

The three main  rock types in the M a o w u  body,  garnet-  
or thopyroxeni te ,  garnet-c l inopyroxeni te  and eclogite, 
show a well-developed granoblast ic  po lygonal  m e t a m o r -  
phic fabric and most  are very fresh. Typical mineral  as- 
semblages and  moda l  amoun t s  of  these rock types are 
listed in Table 1. 

Orthopyroxenite 

The matr ix mineral  assemblage in the or thopyroxeni te  is 
enstatite + garnet  + chlorite _+ Ti-cl inohumite  __ diop- 
side +_ magnesi te  _+ olivine _+_ futile. Chlorite,  enstatite, 
sapphirine, gedrite, hornblende,  talc, rutile, phlogopite,  
c o r u n d u m  and zircon occur, in decreasing order  of  abun-  
dance, as small inclusions in garnet  (Fig. 3a-d,  Table 1). 

EnstatJte generally makes  up the bulk of  the o r thopy-  
roxenites and  forms a polygonal  mosaic  of  1 3 m m  large 
grains with well-developed triple junctions.  Garnet is a 
minor  phase in Ti-cl inohumite-bear ing samples and lo- 
cally occurs as inclusions in enstatite (Fig. 3e). In garnet-  
rich bands,  garnet  makes  up to 60 m o d a l %  of the rock 
and forms mill imeter-diameter sub-idioblastic grains 
with large number  of  irregularly shaped, small 
( <  0.02 ram) inclusions that  tend to cluster in the garnet  
cores (Fig. 3a-d). Chlorite occurs bo th  as a matr ix phase 
and as c o m m o n  inclusions in garnet  and enstatite, either 
as a single phase or  in composi te  inclusions with sap- 
phirine, gedrite, hornblende,  phlogopi te  and talc; chlorite 
is colourless and  exhibits unexpectedly up to first order  
pink interference colours (6 = 0.018). Ti-clinohumite is 
found  in two garne t -poor  or thopyroxeni tes  as millime- 
tre-size, zoned, reddish-brown crystals with lamellar or  
rounded  Cr-spinel inclusions. In one sample (568P) it ex- 
hibits textural equil ibrium with enstatite and garnet  

I ' ~  e c l o g i t e  and 
gamet-clinopyroxenite 

gamet-orthopyroxenite with friable gneiss with quartz, 

friable Ti-clinohumite and sapphidne hornblende and chlorite 

fels c gne ss 
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Fig. 2. Field cross-section of the western wall 
of the quarry in the Maowu body showing the 
specimen locations; the analysed samples are 
underlined; the rest of the samples are taken 
from the eastern wall of the quarry. Notice the 
metre-scale interlayering of different lithologies 



Table 1. Estimated modes of the analysed 
samples 
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Orthopyroxenite Clinopyroxenite 

568F 568G 568P 568J 568E 568K 

Eclogite 

568C 

Garnet 36 tr~ 4 58 58 61 52 
Enstatite 63 90 78 26 - - - 
Diopside - 15 41 38 - 
Omphacite . . . .  47 
Ti-clinohumite - 5 5 - - - 
Olivine - 2 tr i - - 
Chlorite tr 1 - tr tq tr - 
Sapphirine tr~ - trj - - - 
Talc tri - - tri - 
Gedrite tr~ trl - - 
Hornblende tr~ - - tq - - - 
Phlogopite - - tr~ tq 
Corundum - - tr~ - - - 
Epidote - - - tri - 
Magnesite - 11 - - - 
Cr-spinel - 2 2 . . . . . .  
Ruffle tr - - tr l tr 1 
Ilmenite - tr i l - 
Pyrite -- tri - - - 

t r<  1%; i, phases that occur only as inclusions; zircon is present in all samples in trace 
amounts 

(Fig. 3e), whi le  in  the  o t h e r  s ample  it  t o p o t a c t i c a l l y  re- 
p laces  o l iv ine  (Fig. 3 g). Cr-spinel occurs  in  the  m a t r i x  as 
s u b - i d i o b l a s t i c  o p a q u e  g ra ins  a n d  as i n c l u s i o n s  in  Ti-  
c l i n o h u m i t e .  Olivine exhibi t s  three  m o d e s  of  occur rence .  
I t  fo rms  smal l  i n c l u s i o n s  in  ens t a t i t e  (Fig. 3e), m a k e s  up  
clear  m a t r i x  g ra ins  t ha t  are  t o p o t a c t i c a l l y  b e i n g  rep laced  
by  T i - c l i n o h u m i t e  (Fig. 3 g) a n d  occurs  as crys ta ls  full of  
magnesian-ilmenite i n c l u s i o n s  a n d  wi th  smal l  b r o w n  
pa tches  of  T i - c l i n o h u m i t e  (Fig. 3t). Such  i l m e n i t e - c h a r g e d  
o l iv ines  are  typical  b r e a k d o w n  p r o d u c t s  of  T i - c l i n o h u -  
mi te  ( T r o m m s d o r f f  a n d  E v a n s  1980). Diopside occurs  in 
one  s a m p l e  coex i s t ing  wi th  g a r n e t  a n d  ens ta t i t e  (Table  1). 
Magnesite is a p r i m a r y  m a t r i x  phase  a s soc ia t ed  w i th  en-  
stat i te,  T i - c l i n o h u m i t e  a n d  garne t .  Sapphirine is f o u n d  as 
co lour less  i n c l u s i o n s  in  garne t ,  e i ther  o n  its o w n  or  wi th  
h o r n b l e n d e  or  chlor i te .  Gedrite a n d  hornblende occur  
gene ra l ly  as co lour less  i n d i v i d u a l  i n c l u s i o n s ;  however ,  
c o m p o s i t e  i nc lu s ions  of  gedr i te  + chlor i te ,  h o r n b l e n d e  
+ ch lor i te  or  gedr i te  + talc are also present .  Talc is 
u sua l ly  f o u n d  t oge the r  wi th  ch lor i te  o r  m o r e  ra re ly  wi th  
gedr i te  as c o m p o s i t e  i n c l u s i o n s  in  garne t .  Phlogopite oc- 
curs  as co lour less  i n c l u s i o n s  u s u a l l y  wi th  ch lor i te  in  
wh i ch  case they  b o t h  share  a c o m m o n  c leavage  p lane .  
Pyrite is rare.  

Clinopyroxenite 

The  m i n e r a l  a s s e m b l a g e  in  the c l i n o p y r o x e n i t e  is g a r n e t  
+ d iops ide  + ch lor i te  + ru t i l e  ___ i lmeni te .  Mi l l ime t r e -  
size g a r n e t  a n d  d iops ide  g ra ins  fo rm a g r a n o b l a s t i c  m a -  
trix. G a r n e t s  have  a b u n d a n t  d iops ide ,  chlor i te ,  p h l o g o -  
p i te  a n d  ep ido te  inc lus ions .  

Eclogi~e 

Eclogi tes  wi th  g a r n e t  + o m p h a c i t e  + ru t i le  are  t ex tu ra l -  
ly s imi la r  to the  g a r n e t - c l i n o p y r o x e n i t e s ;  ra re  q u a r t z -  
eclogi te  layers  c o m p o s e d  of  garne t ,  very  fine g r a i n e d  
d iops ide  + p lag ioc lase  symplec t i t e  after  o m p h a c i t e ;  
quar tz ,  kyan i t e ,  zoisi te  a n d  b io t i t e  + fe ldspar  p s e u d o -  
m o r p h s  after  p h e n g i t e  are also p r e s e n t  (Fig. 2). The  gar-  
ne ts  f rom the  qua r t z - ec log i t e  c o n t a i n  c ryp toc ry s t a l l i ne  
q u a r t z  aggrega tes  wi th  rad ia l  f rac tures  a r o u n d  t h e m  in-  
t e rp re t ed  as p s e u d o m o r p h s  after  coesite,  wh ich  are  also 
r eco rded  b y  W a n g  et al. (1990). 

G n e i s s  

The  felsic gneiss  cons is t s  of  qua r t z ,  p lagioclase ,  epidote ,  
g reen  h o r n b l e n d e ,  b io t i t e  a n d  sphene .  In  m i n e r a l  assem-  
b lage  a n d  tex tu re  it  is s imi la r  to  the felsic gneisses  t ha t  
m a k e  u p  the  b u l k  of  the  eclogi te  zone  (Okay  et al. 1993). 

A n a l y t i c a l  m e t h o d  

Seven samples from the Maowu body were analysed with a SX-50 
Cameca electron microprobe in the Department of Earth Sciences 
in Cambridge, England. The operating conditions were 20 kV accel- 
erating voltage, 10 nA beam current and 10 tam beam size. The 
elements were analysed with energy dispersive spectrometers except 
for fluorine, where wavelength dispersive spectrometers were used. 

The P-Tlocations of mineral reactions were calculated using the 
THERMOCALC programme of Holland and Powell (1990). As 
almost all the analysed mineral compositions are close to the Mg- 
endmembers, activities were calculated assuming ideal-mixing-on- 
sites. 
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Fig, 3a-g. Photomicrographs in plane polarised light from the 
Maowu body. a Garnet-orthopyroxenite (568F) with enstatite, opx, 
and poikilitic garnet, gr. b Enlarged view of the poikilitic garnet, gr, 
in a with chlorite, chI, and sapphirine, sap, inclusions, e Hornblende, 
hbl, corundum, cor, and ruffle, ru, inclusions in garnet, gr, from 
orthopyroxenite (568J) d Large poikilitic garnet from orthopyrox- 
enite (568J) with hornblende, corundum, zircon, zir, inclusions. No- 

tice the inclusion-fl'ee rim. An enlarged view of the garnet core is 
shown in e. e Ti-clinohumi~e, tcl, in textural equilibrium with en- . 
statite, opx, and Cr-spinel, sp, from the garnet-orthopyroxenite 
(568P). Enstatite contains small garnet, gr, and olivine, ol. inclusion. 
f Olivine, ol, with Mg-ilmenite inclusions, ilm, after Ti-clinohumite 
in garnet-pyroxenite (568G). g Ti-clinohumite, ~cl, topotactically 
replacing olivine, ol, in garnet-pyroxenite (568G) 



Mineral chemistry 

Garnet 

The pyrope content of the garnet increases from about  53 mol% in 
eclogite through 60-71 mol% in clinopyroxenite to 69 75 tool% in 
orthopyroxenite (Fig. 4, Table 2). Uvarovite and andradite contents 
are appreciable in orthopyroxenite (10 and 3 mol% respectively), 
while they are below 1% in the clinopyroxenite and eclogite. 
Grossular contents are 8 12 mol% in eclogite and clinopyroxenite 
while they are less than 3 mol% in orthopyroxenite. Spessartine 
contents are around 1 mol%. Garnet  is compositionally homoge- 
neous and even the largest garnets do not  show any zoning (Fig. 4). 

Orthopyroxene 

The enstatite is not  zoned and shows a narrow range of composi- 
tion with Mg values [100Mg/(Fe+ Mg)] of 92 to 94 (Table 2). The 
A1203 contents of the matrix enstatites are below the detection limit 
of the electron probe while some of the enstatite inclusions in garnet 
contain up to 0.12 wt% A1203. The CaO contents of the enstatite 
range fi'om 0.00 to 0.08 wt%. 
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Fig, 4. Garnet  compositions from the Maowu body shown in part  of 
the garnet ternary compositional field. The inset shows the setting 
of the enlarged area within the garnet ternary field. Gr, grossular; 
And, andradite; Uv, uvarovite; Pyr, pyrope; Ahn, almandine; Sp, 
spessartine 

Table 2. Representative mineral analyses from the Maowu body 

Garnet  Orthopyroxene Clinopyroxene 

568C 568E 568F 568G 568J 568K 568P 568G 568F 568J 568C 568E 568J 568K 
inc 

SiO2 40.73 41.59 41.99 41.75 41.87 40.76 40.90 58.53 58.47 58.37 56.58 55.50 54.93 55.04 
TiO z 0.05 0.07 0.04 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.07 0.06 0.00 0.00 
A1203 22.76 23.50 23.46 21.80 23.09 22.07 20.95 0.00 0.00 0.00 10.21 1.35 1.17 0.38 
Cr203 0.07 0.05 0.14 1.76 0.28 0.76 3.44 0.02 0.15 0.00 0.10 0.21 0.34 0.31 
FeO 16.99 12.47 11.86 12.63 11.91 15.57 11.84 5.22 5.40 5.56 3.11 2.35 2.03 2.40 
MgO 14.77 19.21 21.19 19.62 19.75 16.90 19.32 36.32 35.92 35.91 9.68 16.75 16.77 17.43 
MnO 0.40 0.41 0.46 0.49 0.35 0.46 0.59 0.13 0.01 0.03 0.04 0.00 0.06 0.14 
CaO 4.14 3.41 1.49 2.45 2.90 3.68 2.47 0.07 0.07 0.08 13.84 22.83 22.92 23.54 
Na20 0,04 0,09 0.00 0.00 0,11 0.00 0.02 0.00 0,19 0.06 6.97 1,37 1.53 0.93 
K=O 0.00 0.00 0.02 0.01 0.00 0.01 0.01 0.00 0,03 0.00 0.01 0,01 0.02 0.09 

Total 99.95 100.80 100.65 100.51 100.26 100.22 99.54 100.30 100.24 100.01 100.61 100.43 99.77 100.26 

Formula based on: 
12 ox 12 ox 12 ox 12 ox 12 ox 12 ox 12 ox 6 ox 6 ox 6 ox 4 cat 4 cat 4 cat 4 cat 

Si 2.999 2.970 2.978 3.000 2.994 2.982 2.978 1.998 1.999 2.000 1.982 1.993 1.982 1.985 
AP 0.001 0.030 0.022 0.000 0.006 0.018 0.022 0.000 0.000 0.000 0.018 0.007 0.018 0.015 
A16 1.974 1.948 1.940 1.846 1.940 1.886 1.776 0.000 0.000 0.000 0.404 0.050 0.031 0.001 
Ti 0.003 0.004 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.002 0.000 0.000 
Cr 0.004 0.003 0.008 0.100 0.016 0.044 0.198 0.001 0.004 0.000 0.003 0.006 0.010 0.009 
Fe 3+ 0.019 0.045 0.050 0.054 0.044 0.070 0.026 0.065 0.038 0.062 0.054 
Fe 2+ 1.025 0.700 0.654 0.704 0.668 0.882 0.694 0.149 0.154 0.159 0.026 0.033 0.000 0.029 
Mg 1.621 2.045 2.240 2.102 2.106 1.842 2.096 1.848 1.831 1.834 0.506 0.897 0.902 0.936 
Mn 0.024 0.025 0.028 0.030 0.022 0.028 0.036 0.004 0.000 0.001 0.001 0.000 0.002 0.004 
Ca 0.327 0.261 0.112 0.188 0.222 0.288 0.192 0.002 0.002 0.003 0.519 0.878 0.886 0.909 
Na 0.005 0.013 0.000 0.000 0.016 0.000 0.004 0.000 0.013 0.004 0.474 0.096 0.107 0.064 
K 0.000 0.000 0.002 0.002 0.000 0.002 0.002 0.000 0.001 0.000 0.000 0.000 0.001 0.004 

Total 8.002 8.044 8.036 8.026 8.034 8.042 8.024 4.002 4.004 4.001 4.000 4.000 4.001 4.000 

almandine 34.2 23.1 21.6 23.3 22.1 29.0 23.0 jadeite 40.4 5.0 3.1 0.1 
pyrope 54.1 67.5 73.8 69.5 69.8 60.6 69.5 aegirine 6.5 3.8 6.2 5.4 
spessartine 0.8 0.8 0.9 1.0 0.7 0.9 1.2 augite 53.1 91.2 90.7 94.5 
g + a + u  10.9 8.6 3.7 6.2 7.4 9.5 6.4 

inc, inclusion; g, grossular, a, andradite;  u, uvarovite; ox, oxygens; cat, cations 
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Clinopyroxene 

The clinopyroxene compositions were calculated for four cations. 
The jadeite content is taken to be equal to octahedral aluminium. 

vi �9 r Aegirine component equals Na-A1 -Ta-C. The rest is assigned to 
the augite component. Diopside contains about 5 mol% each 
jadeite and acmite and less than 3 raol% hedenbergite components 
(Table 2). The A1203 contents of the diopside are below 1.5 wt% and 
the average tschermak component (AI iv) is 0.01 per formula unit 
(p.f.u.). 

Omphacites from the sample 568C contain about 7mo1% 
acmite and 40 tool% jadeite components. They are very rich in Mg 
with an Mg/(Fe 2 + + Mg) ratio of over 0.94. 

Chlorite 

Chlorite is very close to clinochlore in composition with a restricted 
Mg value of 94 to 97 (Fig. 5, Table 3). Chlorite from the orthopyrox- 
enites shows substitution of A1 by Cr with Cr203 contents ranging 
up to 3.05 wt%. The chlorite inclusions tend to be slightly richer in 
A1 than the matrix chlorites (Fig. 5). Chlorite from the Ti-clinohu- 
mite-bearing samples contains approx. 0.5 wt% fluorine as com- 
pared to less than 0.08 wt% in the other samples (cf. Table 3). 

Ti-clinohumite 

Ti-clinohumite analyses were calculated for 13 cations (Table 3). 
The average Si p.f.u, based on 17 analyses is 3.976 _+ 0.015 suggest- 
ing a very slight Si deficiency. The TiO2 ranges from 1.33 to 
3.36 wt% and shows an inverse relationship with 
M g + F e +  Mn + Ca (Fig. 6) as expected fi-om the ideal structural 
formula of Ti-clinohumite R2+sSi40~ R2+l_xTix(OH,F)2_2~Oz~. 
The fluorine content ranges from 0.8 to 1.3 wt% and shows ne 
obvious relationship with the other elements (Fig. 6). The average 
Cr203 content is 0.177 _+ 0.035 wt%. The Mg value ranges from 90 
to 93 and is the apparent cause of the colour zoning in the Ti-clino- 
humite with the Fe-rich parts of the grains having a darker orange- 
brown colour. 

Sapphirine 

Sapphirine analyses were recalculated to 10 oxygens and the Fe 3+ 
was estimated following the method of Higgins et al. (1979). In the 
(Mg, Fe)O-(AI,Fe)203-SiO 2 diagram sapphirine from sample 568J 
plots close to the 7:9:3 sapphirine while those from 568F are per- 
aluminous (cf. Schreyer and Abraham I975). The sapphirine 
compositions cluster close to the line of substitution of 
[(Mg, Fea+,Mn)Si] = 2[A1,Cr, Fe3+]. The Fe 3~ and Cr contents are 
below 0.07 and 03 5 p.f.u, while the Mg/(Fe ~+ + Mg) ratio is 0.95 to 
0.98 (Table 3). 

Table 3. Representative mineral analyses from the Maowu body 

Chlorite 

568E 568F 568G 568J 568K 
inc inc 

Ti-clinohumite Gedrite Hornblende Sapphirine 

568G 568P 568F 568J 568F 568J 568F 568J 
inc inc inc inc inc inc 

SiOz 31.24 30.80 29.53 31.19 31.08 30.98 
TiO2 0.00 0.07 0.00 0.12 0.01 0.06 
A1203 19.02 18.53 21.18 16.83 18.43 18.67 
CrzO3 0.09 0.80 0.28 1.44 0.29 0.48 
FeO 2.56 2.85 2.42 2.42 2.46 3.39 
MgO 34.40 33.62 33.49 34.60 34.09 33.78 
MnO 0.00 0.03 0.06 0.07 0.00 0.02 
CaO 0.04 0.02 0.02 0.01 0.00 0.13 
Na~O 0.02 0.02 0.09 0.06 0.09 0.00 
K20 0.05 0.01 0.04 0.01 0.00 0.00 
F ND ND 0.05 0.50 ND ND 

36.88 36.84 43.11 50.64 44.85 47.62 11.87 12.64 
1.77 3.16 0_00 0.05 0.04 0.20 0.00 0.03 
0.00 0.00 21. .54 12.32 1 6 . 2 1  12.60 64.82 64.16 
0.23 0.15 0.92 0.19 0.80 0.06 1.79 0.07 
9.81 7.49 5.73 5.69 3.90 3.91 2.83 3.26 

49.33 49.62 24.30 27.37 18.13 18.83 1 8 . 5 5  19.21 
0.07 0.06 0.15 0.07 0.00 0.02 0.01 0.06 
0.02 0.03 0.29 0.46 12.06 12.45 0.09 0.00 
0.00 0.16 2.41 1.28 1.88 0.93 0.04 0.08 
0.00 0.00 0_02 0.02 0.20 0.21 0.01 0.00 
0.89 1.05 ND ND ND ND ND ND 

Total 87.42 86.75 87.16 87.25 86.45 87.51 99.00 98.56 

Formula based on: 

14 ox 14 ox 14 ox 14 ox 14 ox 14 ox 

Si 2.921 2.914 2.774 2.954 2.938 2.912 
A14 1.079 1.086 1.226 1.046 1.062 1.088 
A16 1.018 0.981 1.120 0.832 0.991 0.979 
Ti 0.000 0.005 0.000 0.009 0.000 0.005 
Cr 0.1/07 0 . 0 6 1  0.021 0.108 0.021 0.035 
F e  3 +  

Fe 2+ 0.200 0.226 0.190 0.192 0.194 0.266 
Mg 4.794 4.741 4.690 4.884 4.804 4.732 
Mn 0.000 0.002 0.005 0.005 0.000 0.002 
Ca 0.004 0.002 0.002 0.001 0.000 0.014 
Na 0.005 0.000 0.016 0.010 0.016 0.000 
K 0.005 0.000 0.004 0.001 0.000 0.000 

Total 10.033 10.018 10.048 10.042 10.026 10.033 

F 0.014 0.149 

98_47 98.09 98.07 96.83 100.01 99.51 

13 cat 13 cat 23 ox 23 ox 23 ox 23 ox 10 ox 10 ox 

3.988 3.992 5.861 6.823 6.271 6.693 0.695 0.742 
0.000 0.000 2.139 1.177 1 . 7 2 8  1.307 2.305 2.258 
0.000 0.000 1 .311  0.778 0.944 0.782 2.172 2.182 
0.144 0.258 0.000 0.004 0.004 0.023 0.000 0.000 
0.019 0.013 0.100 0.019 0.088 0.008 0.083 0.003 

0.050 0.073 
0.888 0.678 0.652 0.640 0.456 0.460 0.088 0.087 
7.952 8.015 4.926 5.497 3.780 3.945 1.620 1.682 
0.007 0.006 0.015 0.1)08 0.000 0.000 0.000 0.000 
0.002 0.003 0.042 0.065 1.806 1.875 0.005 0.000 
0.000 0.035 0.633 0.334 0.510 0.253 0.005 0.008 
0.000 0.000 0.004 0.000 0.035 0.038 0.002 0.000 

13.000 13.000 15.683 15.345 15.623 15.384 7.025 7.035 

0.304 0.358 

inc, inclusion; ND, not determined; ox, oxygens; cat, cations 
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Fig. 5. Chlorite compositions f rom the Maowu body plotted in 
terms of their Fe/(Fe + Mg) and A1/(AI + Fe + Mg) ratios. Composi- 
tions of chlorite inclusions are denoted by i. The low A1 values in 
568G are due to Cr substituting for A1 in this Cr-rich orthopyroxen- 
ite. Symbols as in Fig. 4 
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ideal substitution of TiO a = (Mg,Fe,Mn,Ca)(OH, F)2. Symbols as in 
Fig. 4 

Table 4. Representative mineral analyses from the Maowu body 

Olivine Corundum Talc Phlogopite 

568G 568J 568F 568J 568J 568K 
inc inc inc inc inc 

Epidote Magnesite Cr-spinel Mg-ilmenite 

568K 568P 568G 568P 568G 568K 
inc inc 

SiO 2 41.41 0.11 62.52 62.13 44.53 43.02 37.78 0.05 0.17 0.22 0.19 0.09 
TiO2 0.00 0.00 0.00 0.00 0.29 0.30 0.04 0.00 0.26 0.30 51.12 52.57 
AI203 0.00 99.71 0.23 0.10 14.71 14.41 26.53 0.00 3.98 2.69 0.03 0.10 
Cr203 0.03 0.19 0.07 0.05 0.01 0.04 0.16 0.00 39.97 44.65 0.46 0.48 
FeO 7.44 0.43 0.98 1.09 1.96 2.63 7.81 3.41 47.00 43.60 40.97 43.33 
MgO 51.26 0.00 30.83 30.61 26.09 25.37 0.14 46.29 5.76 5.45 6.69 4.41 
MnO 0.00 0.01 0.00 0.01 0.00 0.00 0.09 0.06 0.40 0.33 0.86 0.21 
CaO 0.00 0.06 0.00 0.01 0.01 0.02 21.91 0.12 0.01 0.00 0.00 0.09 
Na20 0.13 0.00 0.01 0.26 0.93 0.59 0.00 0.00 0.28 0.07 0.17 0.00 
KzO 0.00 0.00 0.00 0.00 7.25 7.94 0.02 0.00 0.02 0.01 0.00 0.00 

Total 100.27 100.51 94.64 94.26 95.78 94.32 94.48 49.93 97.85 97.32 100.49 101.28 

Formula based on: 
4 ox 3 ox 11 ox 11 ox 11 ox 11 ox 8 cat 1 cat 3 cat 3 cat 3 ox 3 ox 

Si 1.000 0.002 3.991 3.989 3.032 3.001 3.036 0.002 0.006 0.008 0.005 0.002 
AI 4 0.000 0.009 0.007 0.968 0.999 0.000 
A16 0.000 1.991 0.008 0.213 0.185 2.514 0.000 0.165 0.114 0.001 0.003 
Ti 0.000 0.000 0.000 0.000 0.015 0.017 0.002 0.000 0.007 0.008 0.938 0.963 
Cr 0.001 0.003 0.004 0.002 0.000 0.002 0.010 0.000 1.109 1.262 0.009 0.009 
Fe 3 - 0.006 0.525 0.726 0.624 
Fe 2+ 0.150 0.051 0.059 0.112 0.154 0.040 0.653 0.680 0.836 0.883 
Mg 1.845 0.000 2.933 2.930 2.647 2.638 0.017 0.955 0.302 0.289 0.243 0.160 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.001 0.012 0.010 0.018 0.004 
Ca 0.000 0.001 0.000 0.000 0.000 0.002 1.889 0.002 0.000 0.000 0.000 0.002 
Na 0.006 0.000 0.002 0.033 0.123 0.079 0.000 0.000 0.019 0.005 0.008 0.000 
K 0.000 0.000 0.000 0.000 0.631 0.708 0.002 0.000 0.001 0.001 0.000 0.000 

Total 3.002 2.003 6.998 7.020 7.741 7.785 8.001 1.000 3.000 3.001 2.058 2.026 

inc, inclusion; ox, oxygens; cat, cations 
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Olivine has the same composition in all its three modes of occur- 
rence with a Mg value of 9~93 (Table 4). Gedrite analyses, calculat- 
ed for 23 oxygens, show restricted Mg values (88-90) but relatively 
variable Si (5.86-6.82) and Na (0.31-0.63) contents p.f.u. (Table 3). 
The Na contents correlate inversely with Si implying Na A1 jv = Si 
substitution. The total for cations minus (Na+K) in the gedrite 
structural formula is very close to 15.00 indicating very little Fe 3+ 
substitution. The hornblende inclusions are tschermakitic horn- 
blende to magnesia-hornblende with Mg values of 87-90 and Na/ 
(Ca+ Na) ratios of 0.12 to 0.22 (Table 3). Gedrite and hornblende 
are the only minerals in the diopside-free orthopyroxenites with 
more than 1 wt% Na20 and have apparently absorbed all the avail- 
able Na in the rock. The composition of talc is close to the ideal 
with less than 0.5 wt% A1203 and a Mg value of 96 to 98 (Table 4). 
Phlogopite is alkali deficient with Na + K p.f.u., calculated to 11 
oxygens, ranging from 0.75 to 0.79 (Table 4). The Na/(K + Na) ratio 
ranges from 0.09 to 0.16. Silicon atoms p.f.u, total very close to 3.00 
and the Mg value is 94 to 96. Corundum contains minor amounts of 
Fe203 and Cr203 (Table 4). Epidote, which is only found as inclu- 
sions in garnets from the clinopyroxenites, contains about 17 tool% 
pistacite component (Table 4). Magnesite is close to MgCO 3 in 
composition with only 4 tool% FeCO 3 and less than 0.2 mol% Ca- 
CO 3 (Table 4). RutiIe contains up to 1 wt% Cr203 and 0.4 wt% 
F%O3. Cr-spinels from two Ti-clinohumite-bearing samples exhibit 
a narrow compositional range and are dominated by Cr and Fe 3+ 
as trivalent ions and Mg, Fe 2+ as divalent ions (Table 4). The Mg/ 
(Fe2+ + Mg) ratio is about 0.30. Magnesian-ilmenite that occurs as 
inclusions in olivine contains up to 23 mol% geikielite component, 
while those associated with matrix chlorite have up to 18 mol% 
geikielite (Table 4). 

The relative Mg values in the matrix minerals are garnet < < 
olivine < Ti-clinohumite < orthopyroxene < chlorite. Diopside 
has appreciable ferric ion so that it is difficult to compare its Mg 
value with that of the other minerals. 

P-T conditions of the matrix minerals 

Two Fe 2+-Mg exchange geothermometers  are potentially 
applicable to Maowu rocks: garnet-clinopyroxene and 
garnet-orthopyroxene.  The Mg-rich nature of the 
clinopyroxene (cf. Table 2) coupled with the uncertainties 
associated with the Fe3+/Fe 2+ estimation reduces the re- 
liability of the garnet-clinopyroxene geothermometer .  If 
all the iron in diopside is taken as ferrous, then 22 garnet- 
diopside pairs indicate a temperature of 780 + 50~ at 
40 kbar  using the calibration of Ellis and Green (1979). 
However, this is clearly a max imum temperature  as the 
composi t ion of diopside indicates that there is some 
aegerine component  in the structure (Table 2). If the esti- 
mated ferrous iron in clinopyroxene is used for the 
geothermometry,  then the garnet-omphaci te  pairs indi- 
cate a temperature  of 707 -t- 60~ while the garnet-diop- 
side pairs give temperatures of 610~ or lower at 40 kbar. 

The garnet-or thopyroxene geothermometer  yields re- 
producible results and indicates for 13 garnet-enstatite 
pairs from two samples a temperature  of 740 __ 20~ at 
40 kbar  using the Harley (1984) calibration (Fig. 7). If  the 
estimated ferrous ion rather than the total iron in garnet 
is used in the geothermometr ic  calculations, then the re- 
sultant garnet-or thopyroxene temperature is about  30~ 
lower. 

The enstatite content of clinopyroxene coexisting with 
or thopyroxene can be used as a geothermometer .  In the 
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Fig. 7. Pressure-temperature diagram showing representative equi- 
libria constraining the temperature and minimum pressure of the 
matrix minerals of the Maowu body. The garnet-ompfiacite and 
garnet-diopside (all Fe taken as Fe 2 +) equilibrium are after Ellis and 
Green (1979), the garnet-enstatite Fe-Mg equilibria is after Harley 
(1984). Thick lines show garnet-enstatite Mg-A1 equilibria for two 
hypothetical XAt values for the sample 568F, providing minimum 
pressure brackets. The dotted lines indicate two carbonation reac- 
tions calculated by THERMOCALC for a temperature of 740~ 
and a XcQ value of 0.005. Forsterite, fo; enstatite, en; magnesite, 
mag; coesite, coe 

sample 568J, where the two pyroxenes coexist, the 
C a + N a  content of the diopside is very close to 1.00 
( >  0.98, cf. Table 2), which results in very low and vari- 
able activities of enstatite in diopside. The highest tem- 
perature obtained from this sample using the two-pyrox- 
ene geothermometer  of Wells (1977) is 697~ while most  
clino- and or thopyroxene crystals give temperatures be- 
low 600~ 

A temperature of 740 + 50~ at 40 kbar, based large- 
ly on the garnet-or thopyroxene geothermometer ,  is ac- 
cepted as the temperature of metamorphism.  A tempera-  
ture below 700~ is unlikely on account of the absence of 
zoning in the garnet (e.g. Ghent  1988). 

The Al-content of or thopyroxene in equilibrium with 
garnet decreases with increasing pressure at constant 
temperature and has been calibrated as a geobarometer.  
The A1203 contents of the matrix orthopyroxenes in the 
Maowu body are below 0.01 wt%, indicating pressures of 
above 35 kbar  at 740~ as extrapolated from the experi- 
mental  work of MacGregor  (1974) and Perkins et al. 
(1981). Taking a value of XA1 in or thopyroxene of 0.004, 
equivalent to about  0 .12wt% A1203, the Nickel and 
Green (1985) calibration, judged to be the best or thopy- 
roxene-garnet geobarometer  by Carswell and Gibb 
(1987), indicates for the sample 568F a minimum pressure 
of 43 kbar  at 740~ (Fig. 7). The former presence of co- 
esite in the quartz-eclogite gives minimum pressures of 28 
kbar  at 740~ 

Thus, the matrix minerals in the Maowu body have 
equilibrated at temperatures of 740 _+ 50~ and at pres- 
sures of above 40 kbar  (Fig. 7). These pressures are well 



within the stability field of diamond and are probably the 
highest pressures recorded as yet in rocks at such rela- 
tively low temperatures. 

The fluid pressure during the ultra-high-pressure 
metamorphism is not constrained. However, the enstatite 
+ magnesite assemblage in the sample 568P places con- 
straints on the Xco 2 during the metamorphism through 
the reactions: 

forsterite + CO2 = enstatite + magnesite 
enstatite + CO 2 = magnesite + coesite 

(1) 
(2) 

Both reactions occur at pressures of above 6 kbar for a 
wide range of Xco2 values (0.001~3.9) at temperatures of 
above 700~ At high-pressures these carbonation reac- 
tions occur at very low Xco 2 values and constrain Xco 2 
to about 0.005 during the ultra-high-pressure metamor- 
phism (Fig. 7). The olivine inclusions in enstatite in 568P 
(Fig. 3e) suggest increase in CO2 during the progressive 
metamorphism. 

Ti-clinohumite with an average mole fraction of fluo- 
rine (XF ---- F / (OH+F))  of 0.20 0.22 was stable during 
the ultra-high-pressure metamorphism as indicated by its 
textural equilibrium with garnet and enstatite in the sam- 
ple 568P (Fig. 3e). Experimental work of Engi and Linds- 
ley (1980) indicates that F-free Ti-clinohumite is not sta- 
ble at temperatures of 700-750~ Thus, the contrasting 
textures between olivine and Ti-clinohumite in the 568G 
(Fig. 3f, g) are caused by the variation of fluorine activity 
in the fluid phase. The origin of fluorine- and CO2-bear- 
ing fluids at depths of over 100 km remain enigmatic. 

153 

sio 2 

to{c 

enstatit 

/ 
0c o 

// 
/ 

/ 
/ '~ /  ~cordndum 

MgO spine[ A(203 
Fig. 8. Phase relations among the inclusion minerals in the Maowu 
body shown in the MgO-A1203-SiO 2 triangle. The estimated bulk 
composition of the orthopyroxenite is shaded 

kbor[ P t 
20-  

Phase relations and P-T conditions of the inclusion 
minerals 

The inclusions in garnet crystals represent early Phases 
during the progressive metamorphism as shown by the 
preservation of the highly unstable coesite and diamond 
in the cores of garnets in Dabie Shan. The early phases in 
the orthopyroxenites were therefore clinochlore, en- 
statite, sapphirine, gedrite, hornblende, talc, phlogopite 
and corundum. Phlogopite, gedrite and hornblende are 
the only major K-, Na- and Ca-bearing phases respec- 
tively so that the rest of the minerals can be represented 
to a close approximation in the MgO-A1203-SiO2-H20 
system. Probable phase relations between these minerals, 
based on the nature of the composite inclusions, and the 
bulk composition of the orthopyroxenite, as approximat- 
ed from the modal amounts, are shown projected from 
H20 in the MgO-SiO2-A1203 diagram in Fig. 8. 

The common mineral assemblage in these rocks be- 
fore the formation of garnet must have been clinochlore 
+ talc + sapphirine + enstatite (Fig. 8). The stability of 
the clinochlore + sapphirine is bracketed by four reac- 
tions (Fig. 9): 

clinochlore + corundum + spinel = sapphirine + H20 (3) 
clinochlore + sapphirine = cordierite + spinel + H20 (4) 
clinochlore + sapphirine = enstatite + spinel + H20 (5) 
clinochlore + sapphirine = pyrope + spinel + H20 (6) 
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Fig. 9. Pressure-temperature diagram showing the phase equilibria 
constraining the P- Tconditions of the inclusion minerals. Reactions 
are based on experimental phase equilibria for endmember compo- 
sitions, except those involving clinochlore + talc, and corundum + 
enstatite + pyrope, which were calculated for actual compositions 
from the sample 568s See text for more details. Cordierite, cd; 
clinochlore, din; corundum, cot; enstatite, en; forsterite,/o; pyrope, 
py; sapphirine, sa; spinel, sp; talc, ta; H20, v 
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The first three reactions have been experimentally deter- 
mined (Seifert 1974; Ackermand et al. 1975) while the 
fourth reaction is readily drawn between the two experi- 
mentally determined invariant points (Staudigel and 
Schreyer 1977). These reactions define a 40~ tem- 
perature band between 2 and 22 kbars for the stable co- 
existence of clinochlore and sapphirine (Fig. 9), which ex- 
plains the great rarity of this assemblage in rocks. 

The upper  thermal stability of ctinochlore + talc is 
defined by two dehydrat ion reactions: 

clinochlore + talc = pyrope + enstatite + HzO (7) 
clinochlore + talc = corundum + enstatite + H20  (8) 

These reactions were calculated using actual composi-  
tions from the orthopyroxenite  568J and are shown in 
Fig. 9. They intersect the clinochlore + sapphirine stabil- 
ity field at low pressures and define a narrow P-Tfield for 
the early mineral  assemblages in the Maowu body. Thus, 
the P-T conditions leading to the formation of the 
clinochlore + talc + sapphirine assemblage were 
730 _+ 30~ and 4 __+ 2 kbar  assuming unit activity of 
water, which is plausible for such hydrous mineral assem- 
blages. These P-Tcondi t ions  correspond to those gener- 
ally associated with amphibolite/granulite-facies 
boundary  and contrast  sharply with similar temperatures 
(7400C) but much higher pressures ( >  40 kbar) recorded 
by the matrix minerals. 

Conclusions 

The Maowu body has undergone two distinct metamor-  
phic events; an early amphibolite/granulite-facies meta-  
morphism at 730~ and 4 kbar  followed by an ultra- 
high-pressure metamorphism at 740~ and above 
40 kbar. The Sm-Nd data on eclogites from the Dabic 
Shan indicate Triassic reworking of an over 1500 million- 
year-old continental crust (Okay et al. 1993). Thus it is 
likely that the Dabie Shan Complex was already crys- 
talline before the ultra-high-pressure metamorphism.  
Granulite-facies relicts are present in the northern zone 
(Fig. 1, Okay 1993) al though they were not found until 
now in the eclogite zone. Therefore, it is likely that the 
granulite-facies metamorphism in the Maowu body rep- 
resents a Precambrian metamorphic  event genetically un- 
related to the Triassic ultra-high-pressure metamor-  
phism. 

The chromium-rich bulk composi t ion of the orthopy- 
roxenites and the metre-scale layering of mafic and ultra- 
mafic lithologies suggest that the Maowu  body repre- 
sents part  of a crustal, layered-cumulate complex. How- 
ever, it must  have been strongly hydrated before or dur- 
ing the granulite-facies metamorphism.  The Maowu 
body was clearly not a direct mantle fragment as proba-  
bly is the case for many  of the eclogites and associated 
garnet-peridotites in orogenic belts (cf. Medaris and Car- 
swell 1990). 

Eclogites with coesite or with quartz pseudomorphs  
after coesite occur in the vicinity of the Maowu body (cf. 
Fig. 1). Although no mineral chemical data  are available 

fi'om this immediate area, similar coesite-bearing assem- 
blages 15 km north give peak temperatures of about  
800~ and pressures of over 29 kbar  (Okay 1993), not 
dissimilar to those obtained from the Maowu body. If the 
Maowu body was metamorphosed  in place, and not in- 
troduced tectonically, then that would imply a regional 
granulite-facies metamorphism of the eclogite zone prior 
to the ultra-high-pressure metamorphism.  

The case of the Maowu body illustrates that  crustal 
rocks that were metamorphosed  at high temperatures at 
shallow crustal levels can later be subducted to depths of 
over 150 km and then uplifted to the surface. 
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