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Magmatic and Thermodynamic Model
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ABSTRACT : The Early Proterozoic reworked rock association occurs within the Precambrian
high grade metamorphic rocks in the area of Daqingshan, Inner Molgolia. In this association, the
various large scale ductile deformation belts, form a nappe structure where the foliation steeply
dips to north and the lineation (340°-30°) plunges at 45°-55°. This result indicates the subduction/
extension with northern part thrusting over the southern part at high angle. The southern sub-
ducted microlithon has the characteristics of prograde metamorphism. The northern thrusted
microlithon shows the evidence of retrograde metamorphism with decreasing pressure and in-
creasing temperature. The main rock types of Early Proterozoic Moyites are biotite adamellite
and syenogranites occurring in the form of small batholiths or stocks and alkali-feldspar gran-
ites in veins. The biotite adamellites are progressively contacted with the Archean and Early
Proterozoic rocks and contain a great deal of enclaves of metamorphosed rocks, suggesting an
anatexis origin. The geochemical characteristics of moyites show the typical features of ana-
texis granite. At middle to late Early Proterozoic time, the continent-continent collision formed
the large scale thrusting and imbrication of Archean basement rocks. According to the mineral
assemblage and thermobarometer of Paria ef al. (1988) give the following P-T condition : up-
faulted block; 700-710°C, 0.72-0.78 Gpa (early stage) and 600°C, 0.44 GPa (late stage), footwall
block; 620°C, 0.8 Gpa (early stage), 620-840°C, 0.64-0.45 GPa (peak) and 620-630°C, 0.35 Gpa
(late stage). These results suggest a clockwise P-T-t path (Jin ¢f al., 1991, 1994). According to
the depth-temperature model in the compressional subduction zone and the experimental data
of Wyllie ef al. (1983), we propose a tectenic-magmatic-thermal model to account for metamor -
phism-anatexis of moyite occurring in subduction-shear zone.
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INTRODUCTION

The relationship between the formation of
various granites and tectonic environment is
an important frontier field of earth sciences. In
order to unite granite petrogenesis with plate
movement we must combine the study on gran-
ite formation with thermodynamics of splitting,
migration and interaction of material resulting
from tectonic deformation. This paper at-
tempts to explore the tectonic-magmatic-ther-
modynamic relationship of the moyitic series
of Daqingshan area, Inner Mongolia, China,
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which was formed by the mountain building
process of Early Proterozoic.

REGIONAL GEOLOGICAL SETTING

According to the structural-petrologic as-
semblages, metamorphism and isotopic ages,
the Precambrian high-grade metamorphic
rocks in the area of Daqingshan, Inner Mon-
golia, can be classified into the Archean, the
Early Proterozoic and the reworked rock as-
sociations (Jin et al., 1991, 1994). The Archean
rock associations include the assemblages of
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granulites with charnockite, tonalitic gneiss
and greenstone belt (Li ef al., 1986). The early
Proterozoic rock associations are mainly com-
posed of the assemblages of Al-rich gneiss and
marble which have experienced the hornblende-
granulite facies metamorphism. The reworked
rock associations, which were formed by Early
Proterozoic orogenies exerting on the Archean
rocks (Jin et al, 1991), have lithologic and
structural dualities. They consist of Archean
{(biotite) hornblende monzonitic gneiss, biotite
plagioclase gneiss, diopside amphibloite, char-
nockitic mylonite, TTG (tonalite-trondhjemite-
granodiorite) mylonite and biotite granulite.
The research has shown that the continent
compression subduction formed not only a set
of ductile shear fault zone and thrusting struc-
tural zone (Jin and Li, 1994) with nearly EW
direction, but also a set of special reworked
rocks and the anatectic movyitic series (Fig. 1).
The moyitic series overlain by upper and
middle Proterozoic sedimentary rocks shows
gradually changing, intrusive contacts with the
Early Proterozoic gneiss (Li et al, 1986). The
Rb-Sr whole rock age of syenogranite in moy-
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itic rocks is 1880Ma, whereas the U-Pb zircon
age is 1936-1913Ma, respectively. The K-Ar
hornblende ages of the reworked rocks are
1872-1797Ma (Shen et al, 1990). Therefore,
the duration of the Early Proterozoic in-
tracontinent compression-subduction can be inf-
erred to be 2000-1800Ma (Jin ef al, 1991).

THE PETROGENETIC CHARAC-
TERISTICS
OF THE MOYITIC SERIES

The Early Proterozoic moyitic rocks are dis-
tributed as an EW belt (Fig. 1). The main
lithology of the moyitic series is biotite mon-
zogranite, syenogranite and alkali feldspar
granite. A small-scale granodioritic rock body
outcrops in Wudangzhao. The biotite mon-
zogranite occurs in layers, lenses and small
apophyses and gradually change into the wall
rocks which consist of biotite-plagioclase
gneiss and sillimanite-garnet-hornblende mon-
zonitic gneiss. These rocks have granoblastic
and metasomatic texture and gneissose or
banded structures.
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Fig. 1. The structural-lithological map of Precambrian rocks in Dagingshan, Inner Mongolia (after Jin and Li,
1994). 1; Archean charnockite-granulite system, 2; Archean tonalitic gneiss, 3; the Early Proterozoic gneiss-mar-
ble system, 4; Early Proterozoic reworked rocks, 5; Early Proterozoic moyitic rock system, 6; Proterozoic sed-
imentary rocks, 7; Phanerozoic granite. ® biotite monzogranite © syenogranite O alkali-feldspar granite

J. Petrol. Soc. K



Early Proterozoic Moyitic Series in Dagingshan, Inner Mongolia : Their Characteristics and Tectonic------

The geological occurrence and petrography
reflect the characteristics of in situ granite.
The syenogranite mainly occurs as a small
batholith or stock, while the moyite occurs
mainly as dike, gradually covering into the mon-
Zogranite and is mn intrusive contact with gneiss.
These rocks mainly have medium to coarse
grained granoblastic or porphyroblastic textures
and gneissoid or massive structures. The me-
gacrysts are microcline and microperthite
which contain some early formed mineral
inclusions such as biotite and plagioclase.

The attitude of gneissosity is the same as that
of the reworked rock series. There are many in-
clusions of early Proterozoic Al-rich gneiss-mar-
ble series in biotite adamellite, such as sil-
limanite-garnet-honblende (biotite)-plagioclase
gneiss, biotite monzonitic gneiss, two-pyroxene
granulite, the Archean TTG gneiss, charnockite
and garnet quartzite. There is no obvious boun-
dary between enclaves and granites.

The mamm minerals of the moyitic series
rocks are plagioclase, alkali feldspar, quatz and
biotite. The chemical composition of K-feld-
spar 1s characterized by high alkali content
(Table 1). The ratio of albite components
within coexisting feldspars (Aba/Ab,) is low.
The biotite content is variable. The chemical

Table 1. Composition of K-feldspars

composition of biotite is shown in Table 2.
Among the compositions, MgO and TiO, is high,
while K,0 and CaO are low with the MF [Mg/
(Mg+Fe*+Mn)] range of 0.41-0.57, the av-
erage L [Al/(Al+Fe*+Mg+Mn+Ti+Si)] value
1s 0.21. The chemical compositions of feldspar
and biotite mentioned above are similar to
those in reworked granite.

The calc-alkaline granites can be divided into
two series according to its source material and
rock-forming mechanism (Hu and Hu, 1993):

1) Reworked granite, which is formed by
metasomatism and anatexis as the result of in-
teraction between the material of the crust and
water fluid derived from the deep curst; and

2) syntectic granite, which is the product of
melting, mixing and assimilation between the
mantle-derived magma and the crustal ma-
terials (Table 3). The moyitic series belongs to
the reworked granite according to its geo-
logical, petrographical and geochemical fea-
tures.

The geochemical evolutionary features of
moyitic series are as follows:

1) In Q-Ab-Or diagram, the projection points
of biotite monzogranite formed during the ear-
ly phase of anatexis are scattered (CaO and Qu,
1996), while those of syenogranite formed dur-

Sample No. 5102 TlOg Ale;; Cl"zO;g FEO* MnO MgO Ca0 NazO K;O total Ab,\f/AbP]
91051 64.71 0.19 20.14 0.10 0.18 0.11 0.04 0.00 0.86 14.20 10051 0.11
Py-72 64.76  0.00 19.87 0.10 0.00 0.00 0.00 0.00 0.64 14.37 99.75 0.08
Pi-24 64.44  0.00 20.43 0.11 0.07 0.00 0.00 0.00 0.74 14.90 100.69 0.09

Ay 65.60 0.00 19.27 0.00 0.00 0.00 0.00 0.00 1.47 13.59 99.93 0.22

*analyzed by an EPMA, Changchun University of Science and Technology

*FeO* indicates total iron.

Table 2. Composition of biotites

Sample No. Si0; Ti0, ALOy Cr,0; FeO* Mn0O MgO (a0 Na0 K0 total ~MF*  L**
91051 35.08 4.06 18.07 0.20 16.15 0.00 12.19 0.00 0.15 8.57 94.48 0.57 0.23
P,-72 36.04 356 15.03 0.00 25.08 0.27 8.71 0.02 0.17 5.49 94.37 0.38 0.20
P-24 3353 3.84 1621  0.00 19.51 0.31 12.23 0.00 0.22 8.83 94.67 0.52 0.21

An 34.77 294 1487 0.16 23.81 0.29 9.49 0.00 0.12 7.62 94.07 0.41 0.20

*analyzed by an EPMA, Changchun University of Science and Technology
*FeO*, MF* and L**.indicate total iron, Mg/(Mg+Fe "Mn) and Al/(Al+Fe*+Mg+Mn+Ti+Si), respectively.
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ing the main phase of anatexis, are con-
centrated (Fig.2). The alkali-feldspar granites

Q

Ab Or

Fig. 2. Q-Ab-Or diagram of K-feldspar granitic series
(after Von Platen ef al., 1966) (Symbols are the same
as those of Fig. 1)

Table 4. Geochemical Features of the moyitic series

are plotted near the thermal minimum, sug-
gesting that anatexis is characterized by the en-
vironment of decreasing-pressure;

2) Index of Al [Al-(Ca+Na+K)] and K/Rb
change significantly and decrease with in-
creasing SiO, contents (Table 4);

3) The contents of KO and Na)O are re-
versely correlated (Fig. 3);

4) In the KL-SiO; diagram, there is no corre-
lation between KO and SiO. as a whole, but re-
verse correlation exists within biotite adamellite.
The reverse correlation also exists between
syenogranite and alkali-feldspar granite (Fig. 4).
The reverse correlations also show in P.Os vs
Si0; and K:0/Na0 vs SiO..

5) The ratios of Rb/Sr increase with the in-
creasing Si0O; contents (Table 4, Fig. 5);

6) Biotite monzogranite shows a low-slope
evolution line, whereas other rocks a high-

moyite biotite monzogranite syenogranite alkali-feldspar granite
average -15.2 34 -7.9 -49.3
Al'hnge 51.6~-97.2 51.6~-38.2 18.4~-26.8 -1.6~-97.2
K/Rb 421.8 584 341 286
1033~196 1033~196 421~278 327 ~237
K0/ Na,0 1.39 1.19 1.58 1.37
1.94~0.83 1.61~0.83 1.94~1.09 1.62~1.15
IREE (ppm) 1924 228.1 275.4 64.9
462.4~454 462.4~124.0 453.5~162.5 89.1~43.4
Rb (ppm) 112.6 77.3 127.8 146.0
35.2~158.5 35.2~147.0 90.7 ~158.5 141.6~153.3
Rb/Sr 0.49 0.21 0.55 0.84
0.13~1.61 0.13~0.34 0.23~0.81 0.44~1.61
LREE / HREE 8.7 6.6 9.0 10.7
3.2~159 3.2~10.4 51~15.9 58~15.3
KZO-Sin dispersal obscure negative linear negative correlation between the two
correlativity correlation rocks
P,05-Si0, partial negative linear negative as the above
correlativity correlation correlation
coordination among | nonlinear coordination and similiar evolutionaary trends
elements

Al'=Al-(Ca+Na+K), the number of atoms; data after Cao and Qu{(1996).

Vol. 6, No. 2, 1997
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slope one in MgO-DI diagram (Fig. 6). This
result suggests that the former is in situ type,
while the latter is semi-in situ and al-
lochthonous type granite;
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Fig. 3. K;0-Na,0 correlation diagram. (Symbols are
the same as those of Fig. 1)
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Fig. 4. The relationship of K,0-SiO, and P,05-SiO,
(Symbols are the same as those of Fig. 1)
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Fig. 5. Diagram of Rb/Sr vs Si0, (Symbols are the
same as those of Fig. 1)

7) Rae earth elements and trace elements
are not hnearly correlated (Fig. 7);
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Fig. 6. Diagram of Mg (Niggli value) vs DI

(differentiation Index) (Symbols are the same as those
of Fig. 1)
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Fig. 7. The relatioship between trace elements and
rare elements (Symbols are the same as those of Fig. 1)
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Fig. 8. Distribution pattern of the REE in moyitic ser-
ies a; biotite monzonitic granites, b; syenogranites, ¢;

alkali feldspar granites
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8) The compositional trends of rare earth
elements are largely variable because the
compositions of the source rocks are complex
(Fig. 8);

THE TECTIONIC ENVIRONMENT
OF MOYITIC MAGMA FORMATION

The triggering mechanism for the emplacement
of granitic magma may be attributed to the action
of a large scale compressive faulting (Zhao, 1980;
Leak, 1983; Wang, 1985, Mo, 1987). The Early
Proterozoic reworked rock associations in the
Dagingshan area developed with a series of thrust
tectomc belts characterzied by ductile deformation
zone, a large scale stretching lineation and A-type
fold group. The schistosity and gneissosity strike
nearly E-W and dip to north; the orientation of
lineation 1s about 340°-30° with the plunging angle
of 45%55°. Lineation is defined by hornblendes,
pyroxenes and elongated garnets. The large scale
lineation is presented by the felsic bar-structure.
The A-type fold group mainly exists in biotie-
hornblende gneiss and their regional fold hinges
have the same orientation as the lineation. The
voluminous, deformed granitic veins have
synstructural features. The shear sense of the
thrust belt determined from various deformational
fabrics indicate that the northern wall (the thrust
wall) was thrust up to the southern wall
(subducted wall) at a high angle.

The histroy of the Precambrian crustal
evolution has shown that a set of muddy and
sandy-marl-carbonate sediments were deposited
In this area during the early stage of the
Proterozoic (Jin e ., 1991). The stage of
continental orogenic belt was established after the
continent-continent collision and subduction began
from the early Proterozic. There are main events
occurring at this time include collision, metamor-
phism and the emplacement of anatectic granite
(Jin ef dl., 1991).

The Collisional Event

The continent-continent collision thickened

Vol. 6, No. 2, 1997

the Archean craton basement through
subduction/thrusting on a large scale, forming
a large thrusting rock slabs. The Proterozoic
sedimentary rocks were involved in foreland
thrusting system, subducted into the deeper
part of the crust and formed the high pres-
sure-low temperature metamorphic rocks
(Jin et al., 1991). The main collision event end-
ed in 2200-2000 Ma according to the isotopic
age of Al-rich gneiss and the cooling rate of the
late crust.

The Metamorphic Event of the Orogenic Belt

The mineral assemblages of high pressure-low
temperature formed during the collision
transform into those of low pressure-high
temperature because the thrust belt lies in a tec-
tonothermal environment of decreasing pressure
and increasing temperature. This thermal regime
resulted from the restoration of isothermal planes
by radiogenic heating,

The change in mineral assemblages define a
clockwise P-T-t path. The changes of temperature
and pressure are different between thrusted and
subducted parts. The subducted slab apparently
shows a progressive metamorphism and is
characterized by the main mineral assemblage of
Hb+Bi+PI+Q; and Hy:+DI+Gt+P! in early period,
Hy.+Hb+PL+Bi in the later period. The
metamorphic conditions calculated from Paria o o
(1988) and Newton e al. (1982)'s, geothermo-
barometer are: T=620C, P=0.8 GPa in the early
period; T=650-840°C, P=0.64-0.45GPa in the
main period; T=620-630‘C, P=0.35Gpa in the
later period. The Early Proterozoic granulite
represented by Al-rich gneiss is considered to
have formed in the above metamorphic con-
ditions.

Some Archean rocks involved in the footwall
of the thrust slab became the reworked rocks
through the superimposed metamarophism and
show the same P-T-t evolution as that of Al-
rich gneiss. The thrust slab shows ohviously
retrograde metamorphism and is characterized
by the mineral assemblage of Bi+Hb+Pl+Q.
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P(Gpax 10)

L _— L .
200 400 600 8oL 1000

(e

Fig. 9. P-T-t evolution of the Early Proterozoic tec-
tonic uplift stage in the Dagingshan area (after Jin
and Li, 1994). P-T-t paths of ilLe thrust and sub-
ducted belts determined from metamorphic minerals;
the cooling age determined from the closure tem-
perature of 40 Ar/39 Ar: 1; The P-T-t path of sub-
ducted belt, 2; hornblende, biotite and pyroxene from
left to right, 3; The P-T-t path of the thrust belt, 4;
hornblede on the left, pyroxene on the right. Thin
lines are the geothermal gradient; that of thrust slab
is 25°C/km (early period) and 37°C/km (peak period)
and that of subducted slab is 25°C/km (early period)
and 44-50°C/km (peak period). Al.O; phase boundary
after Richardson et al., (1969).

The early Hy, Di and Gt occur in the form of
relic minerals. The metamorphic conditions of
the thrust slab are: T=700-710°C, P=0.72-0.78
GPa in the early; T=6000C, P=0.44 GPa in the
late stage. This result suggests that both pressure
and temperature decreased along the retrograde
path (Fig. 9).

ANATEXIS

According to the theory of cooling and clo-
sure temperature suggested by Dodson (1973)
and the “Ar/*Ar age calculations of biotite,
hornblende and pyroxene for determining the
colling rate and the uplifting rate of the crust
during the Early Proterozoic orogenic event
in the Dagqingshan area, only the subducted
slab of the Precambrain metamorphic rocks
underlain at the depth of 30-40 km began to
uplift. During this process, the pressure de-
creaed from > 0.8 Gpa to < 0.35Gpa and the
temperature increased from 600-700°C up to
840°C at first and then fell down to 500°C.

As seen from the Figure 9, the uplifting
footwall slab in the depth of 30-15km is still
in pressure-decreasing and temperature-
increasing environment and its temperature
increased from 600°C to 840°C. The “Ar/*Ar
closure temperature of minerals shows a
geothermal gradient of up to 44-50°C/km,
indicating that the T can reach over 990°C in
the depth 20-30 km. The temperature of the
hanging wall is over 600°C although it belongs
to the retrometamorphic environment of
decreasing temperature and pressure. The
closure temperature of the minerals shows
that geothermal gradient in the hanging wall
may reach 37°C/km. Thus the temperature at
the depth of 20 km may reach about 700°C.
The facts mentioned above suggest that there
was a melting condition of crustal granulite
(Wyllie, 1981). The Archean TTG gneiss, the
Early Proterozoic Al-rich gneiss and reworked
rocks in the area contain many hydrous min-
erals such as hornblende and biotite, therfore,
fluids released from these rocks are mainly
H.O-fluid, which is prerequisite for anatexis.
In addition, a lot of HO-fluid can be released
from the continental blocks through the gran-
ulite facies metamorphism. The experiment
by Wyllie et al. (1976) showed that when the
amount of HO is beyond 2.5% in the granite
system, the crystallization of biotite is earlier
than that of K-feldspar. There are many biotite
inclusions within the K-feldspar phenocrysts of
syenogranite, suggesting the crystallization of
biotite earlier than K-feldspar. Obviously, water
content of the system was beyond 25% during
the formation of the syenogramtic magma. The
melting experiment of the crustal gneiss by
Wyllie (1983) suggested that gneiss with 2% HO
can produce granitic magma under the condition
of middle-lower crust (T=900C).

TECTONIC-MAGMATIC-THER-

MODYNAMICAL MODEL FOR
FORMATION OF MOYITIC SERIES

According to the condition of temperature
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and pressure experienced by the upper crust
duing the Early Proterozoic orogenic process,
we have established a model for generation
and emplacement of granitic magma (Fig. 10).

Four areas are divided according to
metamorphic degree and anatectic condition:

1) epimetamorphic area, at depths of 12-15
km and temperatures of about 450°C, is charac-
terized by greenschist-lower amphibolite facies
metamorphic rocks which have been subsequently
eroded out;

2) amphibolite facies-migmatization area, at

Level distance (km)

Y.
\\*\\. RNy B
e o — . — —— T e D e A e e -
i —_— e —————— g
M —r— e — e — e ——— — ¢
S =
T 20 40 60 <
v |&
}—. —?_.——.—'. . e + -T_'\\\\
04,,. ....... + + .............
..... + o+ A 0
..... 4~ 4 <+
X U N~ + A
....... SN~ A~
e e —— ~ - '.'.:20
08,—-_._._. L= CNy— TEaL L

I O A O = S R P e

Fig. 10. Tectonic magmatic-thermodynamic model of
moyitic series rocks 1; epimetamorphic area, 2; am-
phibolite facies, 3; granulite area, the flow direction of
H,O-fluids released from granulite facies area, 4; phase
boundary of AlO;, 5; syenogranite and alkali granites, 6;
biotite adamellite, the dashed line represents the tran-
sition between each zone. a; subduction stage, with dif-
ferent grade of metamorphism at various depths, b;
post-subduction stage, local anatexis resulting from the
input of a small amount of H:0
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depths of 15-20 km and temperatures of 450-
650°C, 1s mainly characterized by amphibolite-
faceies metamorphism and metasomatism.
Migmatites are common in this area;

3) anatexis area, at depths of 20-28 km and
temperatures of 650-900°C, is characterized by
anatexis and formation of granitic magmaj;

4) granulite facies area, at depths greater
than 28 km and temperature of 900°C, formed
granulite facies rocks.

The production of the large scale anatexis can
be triggered by the following: the addition of
H:O-rich fluids released from hydrous minerals,
the decompression lowering the melting point of
eutectic components and the heating of the
footwall rocks slices from the deep subduction
with the uplifting of geothermal gradient and
the effect of geothermal isothermal surface
restoration. During the early period of anatectic
process, metasomatism is dominant and the
limited melting can form in situ, biotite mon-
zogranitic magma. As the large amount of H:O-
rich fluids may be released during the granulite
facies metamorphism in the deep crust, the
anatexis can result in the formation of grano-
dioritic melt within the TTG gneiss. During the
peak period of anatexis, the syenogranitic
magma can be generated and form semi-in situ
(or allochthonous) syenogranite through a short-
distance movement.

When the metamorphic rocks were uplifted
to a shallow depth and temperatures no longer
increased or decreased, the anatexis ended.
The crystalline differentiation during the late
period of the anatexis resulted in a small scale
alkali-feldspar granitic rocks.
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