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Abstract

The Yalashangho dome, located at the eastern end of North Himalayan domes zone, has a geometry and structure simi-

lar to those of a metamorphic core complex. Ductile shear zones formed the detachment system around the dome and these zones are com-

posed of garnet-bearing phyllonite, mylonitic schist, mylonitic gneiss and mylonitic granite. Ductile shear fabrics developed well in my-
lonitic rocks, and penetrative lineation and foliation were formed by stretched quartz and feldspar and preferred orientation of mica. Polar
Mohr diagram method is used to calculate the kinematic vorticity numbers of the shear zones in the detachment system. Results indicate
that the shear zone is a thinned shear zone { thinning of 23% ) in an extensional setting which underwent a general shear dominated by sim-
ple shear. Comparison of the vorticity numbers between the northern and southern flanks of the Yalashangbo dome shows that the dome is
an asymmetric system formed by a north-northwest-directed detaching unanimously. Statistical fractal analysis shows that the shapes of
dynamically recrystallized quartz grains in the mylonites have characteristics of self-similarity, with fractal numbers ranging from 1.05 to
1.18. From these fractal numbers, the strain rate of the rock was deduced from 10 ™%2 87110 10773871, the differential paleao-stress
was 13.7—25.6 MPa during the deformation happened at a temperature over 500 T . The ductile shear zones in the detachment system

around Yalashangho dome were formed under a high green-schist grade condition or happened simultaneously with the intrusion of granite.

Keywords: Yalashangbo dome, ductile shear zone, kinematic vorticity, fractal analysis, deformation temperature, strain rate.

Himalaya is the young orogen formed by the In-
dia-Asia collision, but its extensional structures began
to be an important component in this orogenic belt

(1), These extensional structures in-

since Miocene
clude the southern Tibetan detachment system
(STDS)!%3), and the north-south striking riftst4 781,
In addition, another kind of extensional structure has
been found in north Himalaya which formed the
North Himalayan domes zone (or north Himalayan
antiform) . This zone is located in southern Ti-
bet between the STDS in south and Yarlung Zangbo
suture in north (Fig.1). In this zone, a series of iso-
lated gneiss or granite domes exposed in Tethyan Hi-

9=12] " Most domes are cored by two-mica

malaya
granite or leucogranite plutons with cooling ages of
9.5—17.6 Mal® 151, The core plutons are struc-
turally mantled by mylonitic granite and gneiss,
which are in turn overlain by low-grade Tibetan sedi-
mentary rocks of Paleozoic-Mesozoic time!® 1314161

Yalashangbo dome is a typical doming structure

in the North Himalayan domes zone and it has a simi-

larity in structural patterns to a metamorphic core
complex (Fig.2). The main detachment fault sepa-
rating the dome’s gneisses and the overlying sedimen-
tary rocks may be an exposure of the STDS. There-
fore, this dome was possibly formed by the north-di-
rected detachment of STDSY . To assess some rheo-
logical and kinematic parameters using polar Mohr di-
agram and fractal analysis, our study focuses on the
ductile shear zone around the dome. These parame-
ters provide quantitative and qualitative evidence for
the study on the forming mechanism and classification
of domes and metamorphic core complexes.

1 Geology of Yalashangbo dome

Yalashangbo dome is located in the easternmost
end of the North Himalayan domes zone (Fig. 1).
Its geographic location is at 90°45'E—92°20’E and
28°35"N—28°55'N, and has a coverage of about
1000 km? (Fig.2). The core of this citcular-shape
dome is composed of a leucogranite pluton and High
Himalayan crystal rocks including gneiss, gneissic
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Fig. 2.

granite and amphibolite. Mylonitic fabrics developed
very well in these crystal rocks. For example,
stretched quartz, feldspar grains and alignment of mi-
ca formed the penetrative lineation and foliation,
which indicates that these rocks experienced strong
ductile shearing. The core pluton of dome has a cool-
ing age of about 13 Ma (unpublished data) and an ex-
posure of 140 km?. The flow structures in the pluton
are parallel to the ductile fabrics in the country rocks.
The low-grade and weak-deformed Tibetan sedimen-

1) See the footnote on page 1005

Structural map of Yalashangbo dome"’.

tary sequence makes up the upper plate of the
Yalashangbo dome. These low-grade rocks include
slate, schist, and phyllite. Gabbro-diabase intrusions
emplaced along the beddings or foliation of the low
grade rocks, and they underwent deformation and
metamorphism similar to their country rocks. A de-
tachment system separated the dome core and the up-
per plate. It developed around the core of the dome
and shaped the geometry of the dome. The detach-
ment system may be an exposure of the STDS that
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separated the High Himalaya crystal rocks from the

low-grade covering sedimentary sequence’’ .

2  Ductile deformational characteristics of
mylonite zones

Mylonite zones, surrounding the Yalashangbo dome,
formed the outer shell. These zones are mainly composed
of gamet phyllonite, mylonitic gneiss and schist, my-
lonitic granite, and leucogranites with flow structures.

Mylonitic foliation, stretching and preferred ori-
ented mineral lineations are the chief penetrative
structures in rocks of the shear zones. Various folia-
tions occurred in different rocks in the dome. They
were formed by preferred orientation of quartz, pla-
gioclase and mica grains in Jeucogranites pluton coring
the dome, while they are represented by the thin
compositional layers and intensive stretching of min-
erals in the high Himalyan mylonitic gneisses. Folia-
tions in mylonitic schist and phyllite are made up of
intensively stretched fine-grained matrix; they are
generally planar except some bending around grains of
garnet. In mylonite granite with penetrative folia-
tions, coarse feldspar grains formed typical o-type
perphyroclastic systems. Their long axes aligned a-
long the S foliation while their tails oriented to the C
foliation together with the quartz ribbons and mica grains.
These two foliations formed the S-C fabrics. In gneisses of
high Himalaya, alternative layers of recrystalized feldspar,
quartz ribbons and micas striped gneisses were developed.
The thickness of compositional strip varies from 1 mm to
Smm. These layers are parallel to each other and form
the shear foliations of these rocks.

Penetrative mineral lineations represent the
movement at an early stage of deformation along the
main detachment faults, which is indicated by asym-
metric perphyroclasts, and the S-C fabrics is a north-
norhtwestward detachment (Fig. 2). Besides these
early lineations with north-northwest and south-
southeast plunges, some later lineations developed on
some later brittle-ductile foliations in the dome, such
as hot striae and mineral fibers. They display down-dip
plunges along the foliations toward the outsides of the
dome. These lineations likely resulted from a “diapirism
process” at a later stage. This “diapirism” drove the core
of the dome uplifting further and finally caused the col-
lapse of the dome, which is represented by the later
down-dip lineations on brittle-ductile foliations.

1) See the footnote on page 1005

Abundant micro-structures with extensional fea-
tures were preserved in mylonitic zone of the main de-
tachment faults, such as domino structure, core-man-
tle structure, o-type porphyroclastic system, mica-
fish structure, etc. In core-mantle structures, the
cores were mainly elongated and asymmetric feldspar
grains. The surrounding mantles were dynamically
recrystalized feldspar and quartz grains with diameters
between 20 pm and 250 pm. Porphyroblasts grew
penetratively in the rocks, and they are chiefly gar-
net, plagioclase and microcline. The grain-sizes of the
porphyroblasts vary greatly and their diameters range
from 1—2 mm to 30 mm. Some Porphyroblasts con-
tain inclusions of quartz, biotite, and sillimanite, and
these inclusions have a shape-preferred orientation
which is oblique to C-foliation in matrix. A lot of
core-mantle structures are cored by quartz grains with
zigzag boundaries, which are mantled by fine-grained
recrystallized quartz. The fine quartz grains in man-
tles have a shape-preferred orientation. Dynamic re-
crystallization in quartz grains (Fig.3) are the most
popular micro-structures in the shear zone. Their ir-
regular boundaries possibly indicate a static plastic
flow under high-temperature and low stress rate.

Fig. 3.
grain boundaries.

Dynamically recrystallized quartz grains with irregular

3 Kinematic vorticity number and shear type
of the Yalashangbo dome

It is one of the important issues to understand
the formation mechanisms of a metamorphic core
complex. A number of approaches have been pro-
posed, among which, determination of the kinematic
vorticity number and the shear type of a metamorphic
core complex is recognized as one of the most effica-
cious and direct ways. Shear zones in nature were de-
veloped in co-actions of pure and simple shearing, and
named general shear zones. To some extent, kine-
matic vorticity number (w)) appears to be an ideal
parameter to characterize the ratio of pure shearing to
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simple shearing in a general shear zone. Among the
methods of detecting kinematic vorticity number in
rocks' "2, polar Mohr diagram is regarded as one
of the most simple and practical tools’®~2!. In this
paper, polar Mohr diagram method is used for deter-
mining the kinematic vorticity of the shear zones in
Yalashangbo dome.

Polar Mohr diagram was proposed firstly by

Simpson and De Paor'®®), Once a polar Mohr diagram
T02Q-48-1
RS
&
o=18
I
v=27
& Sy
, =0.891
e/y=029
£ /1=74%
T02Q-53
RS
&
a=15
)
v=48
) So
0, =0.731
g/ y=0239
/1=72%

e/y=037
& /1=83%

Fig. 4.

T02Q-48-2

T02Q-40-2

is constructed, Kinematic vorticity number (w)) and
relations between wy, v and €/ (e and 7y are strain-
rate of pure and simple shear, respectively) can be
calculated by wy = cos(v), where v is the angle be-
tween the two eigenvectors on the XZ plane in a
shear zone. One of the three practical methods de-
vised by Zhang and Zheng[zo_m,
of a polar Mohr circle with R (axial ratio of a strain
ellipse) and o (angles between the long axes of strain
ellipse and shear foliation) (Fig.4) is used here.

i. e. construction

T02Q-48-3

&,

&)|

o, =0.743
g/y=038
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e/ y=030
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Polar Mohr diagrams in mylonitic zone of the detachment faults. a, angle between the long axe of a strain ellipse and the shear

foliation; R,, axial ratios of the strain ellipse; & and &;, two eigenvectors; Sg, anchor point; v, angle between the two eigenvectors;

wk, kinematic vorticity number; /7, ratio of pure shear strain rate to simple shear rate in the shear zone; &/, change in thickness of

a shear zone (the ratio of the present thickness to the original thickness of the shear zone) .
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Kinematic vorticity numbers of the mylonitic
zone in Yalashangbo dome are measured and calculat-
ed with the technique of polar Mohr construction.
The sites of sampling are shown in Fig.2, and results
are listed in Table 1. The angles between the two
eigenvectors in the mylonitic zone range between 27°
and 49°, corresponding to kinematic vorticity num-
bers from 0.656 to 0.891.

Few natural shear zones have developed into pure
shear zones or simple shear zones, and usually, most
of them are general shear zones. Because there is a
wide range of general shear type, determining the ra-
tio of pure shear component to simple shear compo-
nent is essential to identify the shearing type in a
shear zone. According to the kinematic vorticity theo-
ry, v = 90°, wy = 0 stands for coaxial pure shear;
v=0°, w,=1 represents simple shear; and 0°< y <
90°, 0< w, <1 corresponds to general shear'?®). The
kinematic vorticity numbers (i) of the shear zone
within Yalashangbo dome range between 0 and 1,

Table 1.

which indicates a general shearing type, i.e. combi-
nation of pure shear and simple shear components
with different ratios. The relative positions of (&1,0)
to (£,,0) in polar Mohr diagrams can be used to de-
duce the shearing character and the changes in thick-
ness of the shear zonel? 23!, Within Yalashangbo
shear zone, &; > &, reveals that the shear zone was
thinned to be about 23% of the original thickness.
(Tablel). &/y =0.29—0.40 implies a simple-shear
dominating shearing. In one word, the shear zone in
Yalashangbo dome is a simple-shear dominating and
thinned general shear zone. In addition, the average
kinematic vorticity number (wy) is about 0. 814 in
southern flank of the dome, while it is about 0.735 in
the northwest flank, which means more simple-shear
component involved in the southern part of the dome.
Therefore, the Yalashangbo dome may be an exten-
sional structure formed by an active northwestward
detachment fault, similar to a metamorphic core com-
plex.

Rheology parameters of the detachment faults within the Yalashangbo dome

Polar Mohr circle method w) = cosv

Other parameters

Location of sampling Thi . Numb R Change of Ratio of strain
1n section umbers i @ v @k thickness: &;/1 rates: €/
) T02Q-48-1 50 3.20 18 27 0.891 74% 0.29
Main detachment fault, T02Q-48-2 20 2.31 15 42 0.743 72% 0.38
southern flank of the dome
T02Q-48-3 30 2.19 19 36 0.809 77% 0.32
Main detachment fault, T02Q-53 45 2.24 15 43 0.731 72% 0.39
southwestern flank
Main detachment faults, T02Q-41 50 2.11 20 35 0.819 83% 0.31
northwestern flank T02Q-42 30 2.06 16 42 0.743 77% 0.38
H N ' detach T02Q-40-1 50 1.64 18 41 0.755 83% 0.37
¢ morthern main defach 150 40.2 35 2.46 16 38 0.788 73% 0.30
ment faults of the dome
T02Q-37 40 1.55 14 49 0.656 83% 0.40

4 Estimation of deformation temperature
and strain rate for the ductile shear zone

One of the key issues in studying ductile shear
zones is to assess the temperature and strain rate dur-
ing the shearing deformation, because deformation
mechanisms of rocks and minerals are affected by
these two factors. Based on the studies of micro-
structure and experimental structure, Kruhl and Nega
introduced a new method for calculating the deforma-
tion temperature and strain ratel?728] They devel-
oped this technique from the geometrical boundaries
of dynamically recrystallized quartz grains that had
characteristics of fractal dimension, and the fractal di-
mension could be used as geothermometer and strain
rate meter. They established a diagram of the relation

between the deformation temperature and the fractal
dimensions of dynamically recrystallized quartz grains

(Fig.53).

Experimental studies show that the fractal di-
with
strain rate at a constant temperature, while it de-

mension systematically increases increasing
creases with increasing temperature under a constant
strain rate. The fractal dimension is interpreted to be
an indicator for some deformation conditions due to its
systematical change under these deformational condi-
tions. The theoretical relation between the fractal di-
mension (D), deformation temperature T (K) and
strain rate ¢ (s~ ') was suggested by Takahashi et
al. [}, which can be expressed as a least-squares fit-

ted equation:
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D = ¢loge + p/T + 1.08, (1)
where $ =9.34 X 1072 {[log(s™")]17'}, and p =
6.44 X 10(K).

Although dynamically recrystallized quartz crys-
tals are sensitive to post-deformation recovery, which
can disturb the reliability of results estimated by the
method, practical and experimental studies have
shown that this new method is, to a certain extent,
effective and practicable to assess the deformational

temperature and strain ratel 237

4.1 Estimation of deformation temperature

Fractal dimensions of dynamically recrystallized
quartz grains are calculated from photographs of six
thin sections from Yalashangbo shear zone. There are
two microstructural characteristics for these dynami-
cally recrystallized new quartz crystals; (1) irregular
grain boundaries such as elongated and zigzag;
(2) weak preferred orientation of the grains. These
characteristics of the quartz grains in granitic my-
lonites make it convenient for determining the defor-
mation temperature using fractal dimension.

Two methods are suitable for determining the
fractal dimension (D) from recrystallized quartz grain
boundaries: one is the closed-zigzag-line method and
the other is the area-perimeter method® . In this pa-
per, area-perimeter method is used. The approach is
as follows: Firstly, dynamically recrystallized grains
on each thin section are photographed with scale.
Secondly, the boundary of each grain is traced on the
photo by software MapInfo 7.0. Thirdly, the actual

1) See the footnote on page 1005

perimeter P and area A of this traced quartz grain are
determined by the intellectualized software. Fourth-
ly, the diameter d of a circle with a same area A is
calculated. The perimeter P and diameter d of all
quartz grains in the photographs of the thin sections
are measured and calculated through the above steps.
Fifthly, plot P and d in a coordinate frame using Ex-
cel, with (Log P) as the vertical axis and (Log d) as
the horizontal axis, respectively. Finally, the fractal
dimension D is defined as the slope of the least-
squares fitted line for the plots. The results of fractal
dimension of analyzed samples and the plots of logP
versus logd are shown in Table 2 and Fig.6.

The correlation coefficients for statistics of quartz
grain boundaries are more than 0. 8 for all the six
samples. Numbers of fractal dimension are 1.04 and
1. 01, respectively, in the two samples from the
hanging-wall of the main detachment faults of
Yalashangbo dome. Number of fractal dimension
ranges from 1.05 to 1. 18 in the samples from main
detachment faults. Thus, shapes of dynamically re-
crystallized quartz grains in mylonites are statistically
self-similar (1<{D=<{2), and the fractal dimension
[27,28] According
to Kirul et al.’ s geometric temperature gauge (Fig.5),
the shear zone mantling the Yalashanghbo dome underwent
a deformation at a temperature not lower than 500 T.
This means that deformation possibly occurred at a tem-
perature higher than that for high greenschist facies, or
the leucogranite intruded during deformation.

can imply deformation temperature

The above results have been proved by micro-
scopical and field investigation. Under a microscope,
ribbons of hornblende and fine-grained plagioclase are
observed with zonations. Amphibolites were meta-
morphosed from mafic rocks with mineral assemblage
of hornblende + plagioclase + bictite + quartz +
epidote + garnet. Further enlarged micro-images re-
veal new growing and fine grains of pyroxenes and
feldspars that developed between hornblendes and
feldspars in metamorphosed and deformed mafic
rocks. Additionally, plastically elongated feldspar and
ribbons of quartz (axial ratio > 10) were well-devel-
oped. All micro- characteristics can be attributed to
high-temperature Macroscopically,
gneiss xenoliths in granitic mylonite had been assimi-

deformation.

lated completely and were stretched strongly along

stretching lineation. Meanwhile, granite has some

characteristics of syn-tectonic emplacement’ .
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Diagrams of coordinate plots of Log P versus Log d, and histograms below the coordinate plots showing the frequencies against

d. P, perimeter of the dynamically recrystallized quartz grain; d, diameter of the circle with a same area to the measured grain; y (y=
1.176x +0.34), the least-square fitted linear equation, the fractal dimension of 1.176 is given by the slope of the equation; f, the fre-

quency of grain diameters; R?, the correlation coefficient.

Table 2. Fractal characteristics of dynamically recrystallized quartz grains of mylonites in ductile shear zone of Yalashangbo dome
. . Strai .
Location Sample Statistical _Gram lMean G_mm Fractal Correlation e Different
diameter diameter perimeter . R .. rate stress
of samples No. numbers dimension coefficient 1
pm pm pm S MPa
Hanging-  T02Q-4-1 39 12.8—183.6  42.1 71.3—913.1 1.03 0.83 107¢° 48.0
wall T02Q-4-2 48 25.7—185.1 72.0 133.8—955.6 1.01 0.92 10 %2 33.3
T02Q-37 57 84.7—619.5 216.0 413.4—3750.5 1.08 0.95 10787 15.8
. Mﬁ“‘ T02Q-41 39 57.4—416.2  165.2 245.1—2232.2 1.08 0.94 10784 18.9
etachment
fault T02Q-42 29 45.0—220.9 106.7 44.6—1741.9 1.18 0.75 10773 25.6
T02Q-61 46 81.8—581.9  263.8 364.4—3269.9 1.09 0.93 10783 13.7

4.2 Estimation of strain rates and paleo-stress

If the deformation temperature was 550 C dur-
ing shearing, the strain rate can vary in the range

from 10728 10 10773 s 1 according to Eq. (1)
proposed by Takahashi et al.'*). This is a mid-high
strain rate. Wang et al. applied this fractal dimension
method to ductile shear zones of the late Archean time



1012 www. tandf. co. uk/journals Progress in Natural Science Vol.15 No.11 2005

in western Shandong. They deduced a range of paleo-
strain rates from 10 7¢s 1 t0 107 %7 571, also falling
in the range of mid-high strain ratel 207 However,
natural geological strain rates are estimated to lie usu-
ally between 1071 57! and 10" Bs7! (31.32]  Purther
study is needed for the difference between geological

strain rates and experimental statistic ones.

As shown in Table 2, diameters of dynamically
recrystallized quartz grains are in the range of 42.0—
263.8 pm. From these data and according to the
palaeopiezometer of Twiss!®3! (Ag = 610 X 4 ~0-68),
differential palaeo-stress is estimated to be from
13.7 MPa to 25. 6 MPa in the mylonites from the
main detachment fault of the Yalashangbo dome.

5 Discussion and conclusion

(1) Macro and micro ductile deformational fab-
rics were formed penetratively in the deformed rocks
in the mylonitic zones mantling the Yalashangbo
dome. The macro-fabrics include mylonitic foliation,
lineation and S-C, etc. The microstructures have typ-
ical characteristics of ductile deformation and shear
sense, such as mica-fish, kink structure of mica,
core-mantle structure, and rotationed porphyroclastic
system. All the micro and macro indicators show con-
sistently a north-northwest-directed detachment
movement in the main detachment faults.

(2) Two-dimensional kinematic vorticity num-
bers of the main detachment faults in Yalashangbo
dome were systemically measured using polar Mohr
construction. The kinematic vorticity numbers related
to the shear zone range from 0.656 to 0.891, which
represents a general shear. ¢/y =0.29—0. 40 indi-
cates a simple-shear dominating the general shear
zone. &;>> &, means the shear zone was thinned. The
average ratio of the present thickness to the original
thickness of the shear zone is about 77% (&,/1).
Numbers of kinematic vorticity { wy) in southern
flank of the Yalashangbo dome are higher than those
in northwestern flank, which shows a more simple-
shearing component involved in the southern shear
zone. Therefore, the Yalashangbo dome is an asym-
metry extensional system formed by active northwest-
ward detachment.

(3) Typical dynamically recrystallized quartz
grains developed extensively in mylonites of the main
detachment faults of the Yalashangbo dome. This
provides good condition for fractal dimension analy-

sis, and the analytical results show that: Shapes of
these new crystals have characteristics of statistical

self-similarity, and their fractal dimension ranges

from 1. 01 to 1. 18. Paleo-strain rates and palaeo-
stress were initially estimated to be 107°2—
1077387 ! and 13.7—25.6 MPa, respectively. De-
formation temperature of the shear zone of the dome
was calculated to be higher than 500 C. This pre-
sents that the deformation possibly occurred at a high
temperature or during the emplacement of the
leucogranite.
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