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Abstract: Diopside, an important component of the crustal and upper mantle, plays an important
role in the formation of nephrite. Polysynthetic twinning in natural diopside, especially from skarns,
has rarely been systematically researched. Here, the polysynthetic twinning of natural diopside
was investigated in two skarn-type nephrite deposits (Niewang and Tatliksu) in Qiemo, Xinjiang,
China. Petrographic observations revealed periodic alternations of dark-light lamellae under cross-
polarized light and parallel striations under plane-polarized light, whereas backscattered electron
images indicated high homogeneity, which suggested a type of mechanical polysynthetic twinning.
According to the optical indicatrix, twins were predominantly oriented as a (100)[100] system. Ra-
man spectra and chemical data show that pyroxenes in nephrite are close to the Di end-member with
0.90-1.04 a.p.f.u. Mg and 0.98-1.05 a.p.f.u. Ca. Both diopside and tremolite from Tatliksu contain
slightly higher Fe than those from Niewang. Given the seismic origin of mechanical clinopyroxenes
twins, twins of studied diopsides are likely to be attributed to Paleozoic-Mesozoic paleoearthquakes
in the Altyn Mountain. A shear stress > 140 MPa and a differential stress greater than 280 MPa are
suggested as conditions linked to generation of the twinning of diopsides in the nephrite deposits.
The replacement of diopside by tremolite along its twin planes highlights the potential gemological
implications, as such replacement by tremolite probably facilitated the formation of dense, fine fibre
textures in the nephrites.

Keywords: mechanical polysynthetic twin; diopside; tremolite; skarn; Altyn Mountain; seismic
shear deformation

1. Introduction

Diopside, a variety of clinopyroxene, is widely distributed in different kinds of rocks.
It is an important component of the crustal and upper mantle, of ultrabasic and basic com-
position, and of hydrothermal and magmatic origin. It is also a characteristic product of
the thermal metamorphism of a silicious carbonate protolith, as it commonly coexists with
garnet, vesuvianite, wollastonite, amphibole, and calcite in skarns [1]. Nephrites in the
Kunlun-Altyn Mountain are reported to be skarn-related [2-5]. Despite its frequent re-
placement by tremolite, diopside is commonly found throughout most domains of nephrite
deposits, and thus, it is assigned an important role in the formation of nephrite [2-6].

Polysynthetic twinning is multiple single crystals that are parallel with each other
along composition planes. The alternating crystals have the same crystallographic orienta-
tion. Itis a widespread deformation mechanism in minerals with low symmetry, including
carbonate minerals, plagioclase and clinopyroxene [7-9]. There is a high energy associated
with octahedral skew reversals in diopside, where the M2 site is occupied by larger cations
such as Ca?* [10]. Therefore, such mechanical twinning of diopside is theoretically favor-
able; however, it is infrequently reported in nature [11-15].
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Several cases of diopside deformation twinning have been reported as a result of shock

loading in meteorites [16] or as the product of experiments conducted under high pres-
sures [9,17-19]. Only a few studies on the polysynthetic twinning in terrestrial clinopyrox-
ene are available [20-22], and the crystals researched in existing studies are much closer
to the hedenbergite end-member than to diopside. Even though diopside is common in
the nephrite deposits, its twinning has not been frequently observed; only two exceptions
were mentioned by Gil et al. [23] and Cooper [6]. In this study, the polysynthetic twinning
of diopside in skarn-type nephrite deposits in Qiemo, Xinjiang, China is examined.

2. Geological Setting

Diopsides exhibiting polysynthetic twinning were found in two nephrite deposits in
Qiemo County, China (Niewang at N38°00.224’, E87°18.226" and Tatliksu at N37°52.537/,
E86°25.061’; Figure 1).
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Figure 1. (a) Distribution of major tectonic units in China, modified after the outline map of China
[censor code of GS(2019)1651] from the Ministry of Natural Resources of China; (b) Schematic ge-
ological map of the northern Tibetan Plateau and the distribution of primary nephrite deposits in
Altyn Tagh, Western Kunlun and Eastern Kunlun (stars in white and red). The Niewang and Tat-
liksu nephrite deposits (stars in red) located in Altyn Tagh and near the Altyn Tagh Fault (ATF),
modified after [3,24,25].

Geologically, the two deposits are located in the Altyn Mountain. They belong to

the South Altyn Tagh subduction—collision complex, which lies between the Tarim and
Qaidam basins and marks the northern margin of the Qinghai-Tibet Plateau (Figure 1).

Chronologically, the strata in the Altyn complex comprises the Archean Milan Group,

the Palaeoproterozoic Altyn Group and the Mesoproterozoic Taxidaban Group [25]. It con-
sists predominantly of crystalline schist, migmatitic gneiss, dolomitic marble and other
metasedimentary rocks, which unconformably contact with the overlying Cambrian lay-
ered siltstones. Magmatic activities were frequent during the Hercynian Period [26,27],
and granite, diorite, tonalite, and moyite occurred predominantly. The most significant
tectonic deformation today is the Altyn Tagh Fault (ATF), which is a NEE-striking left-
lateral strike-slip fault [28,29]. The ATF separates West Kunlun and East Kunlun, as well
as Altyn Tagh and the Qaidam Basin, and it significantly affects nephrite mineralization
and distribution [2-5,29,30]. Secondary faults have provided channels for hydrothermal
activities and closely constrained the formation of nephrite deposits.

The Niewang deposit is mainly associated with the strata of the Altyn Group, which

are dominated by migmatitic gneiss intercalated with dolomite marble. The strata exhibit a
NE strike and dip angles of 80°-85°; they are 300-500 m long and 2-10 m wide [29]. Normal
faults distributed in the contact zone between migmatitic gneiss and dolomitic marble are
closely related to mineralization (Figure 2b). The Tatliksu deposit contains 14 ore bodies.
The white-gray to gray nephrite bodies almost vertically appear along the contact zone of
dolomitic marbles and monzogranites, which are 5-20 m long and only tens of cm thick
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(Figure 2a). Their shapes—which were restricted by the outline of dolomite marbles—are
irregular massive, veined, lentoid and layered.
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Figure 2. (a) Photograph of intermediate-acidic intrusions near a nephrite orebody at the Tatliksu
nephrite deposit; (b) Photograph of an outcrop showing gray nephrite in contact with dolomitic
marble at the Niewang deposit, view of picture is about 3 m in length; (c) Photograph of nephrite
with massive and veined colorless-white diopside crystals in a sample QMNW-007 from Niewang;
(d) Raman spectra of reference diopside R040009 and the diopsides in the sample QMNW-007 in (c).

Caledonian granodiorites occur frequently in these two deposits. The dolomitic mar-
ble is strongly altered at the contact zone and fractures. The mineral assemblage zones are
characterized as: calcite-bearing dolomitic marble—nephrite—epidote-altered diopsidite
—slightly epidote-altered granodiorite and syenite, similar to those of the Saidikulam de-
posit [5]. However, due to the sedimentary cover, the zoning in the studied area is not as
distinctive as that in the Saidikulam deposit.

3. Methods

Conventional gemological tests, micro-observations and Raman spectroscopy mea-
surements were performed at the Experimental Teaching Center of Gemology, China Uni-
versity of Geosciences, Beijing (CUGB). The presence or absence of twinning was investi-
gated using polished thin sections under an Olympus BX51 polarizing microscope. Regard-
ing the Raman spectra, a Horiba HR-Evolution Laser Raman micro-spectrometer was uti-
lized. It was operated using a laser with a wavelength (A) of 532 nm as the excitation source,
and samples were scanned from 100 to 4000 cm~!. Before measurement, monocrystalline
silicon with a Raman shift at 520.7 cm~! was used for calibration [31]. The laser scanned
for 10 s, which cumulated 5 times at a spot of approximately 1um with an entrance slit of
100 pm.

Chemical compositions and backscattered electron (BSE) images were obtained using
an electron probe microanalyzer (EPMA-1720, Shimadzu Corporation, Kyoto, Japan) in
the Laboratory Center at CUGB. The beam current, accelerating voltage, count time and
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beam size at which the instrument was operated were 10 nA, 15 kV, 10 s and 5 pm, re-
spectively. The atomic number Z X-ray absorption and the X-ray fluorescence effect (ZAF)
program were used for correction. The standards that were used for calibration included
the following: olivine for Mg, diopside for Si and Ca, chromite for Fe and Cr, albite for Na
and Al, K-sanidine for K, rutile for Ti, rhodonite for Mn and pentlandite for Ni.

4. Results
4.1. Gemological Properties

Among a certain type of smooth nephrite stone, there is occasionally a white stone-like
(drier luster) appearance in one or more domains. The jade dealers refer to such a domain
as “Jiang ( fi8)”. In this study, “Jiang” means to be composed of coarse-grained diopsides,
as opposed to the fine-grained greasy domains of nephrite. These diopside crystals are
granular when viewed with the naked eye, and they stack together in the form of a line or
mass in and/or very close to white-gray nephrite (Figure 2c).

4.2. Raman Spectra

Diopside in the samples we studied exhibited Raman shifts at approximately 139, 230,
324, 357, 390, 559, 666, 1013 and 1049 cm !, which are values consistent with the standard
diopside (RRUFFID = R040009, Figure 2d). Most of the peaks are ascribed to [SioOg]*~,
with the 1013 cm™! peak attributed to the symmetric stretching vibration of Si-O. The
peaks at 666 cm~! are linked to the symmetric bending vibration of Si-O-Si, whereas
the asymmetric bending vibrations of Si-O-Si are associated with the peaks at 390 and
324 cm~!. The weak peaks at 559, 230 and 357 cm ! are coupled bands of the M—O stretch-
ing vibration and the Si-O-5i bending vibration.

4.3. Petrography

In the studied deposits, diopsides occur in the nephrite and contact zones. Nephrite
consists of cryptocrystalline tremolite and minor relicts of diopside, prehnite and granular
apatite. The contact zone comprises granular diopside and titanite, aggregates of epidote,
and tremolite. Tremolites in the contact zone mainly exhibit two types of microfabrics:
coarse-foliated (0.1-3.0 mm) and fine-fibrous. Some tremolite fibers adjacent to twinned
diopside were curved. Aggregated epidotes display an emerald-green to lemon-yellow
abnormal interference color (Figure 3e) and inhomogeneous brightness in the BSE images.

Figure 3. Cont.
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Figure 3. Micropetrography photos (a—f) and BSE images (g,h): (a) Twinned diopsides very close to
nephrite from the sample in Figure 2¢; (b) Optical indicatrix determination involving the insertion
of a gypsum plate, the twinning planes are parallel to the Nm optical axis; (c—f) Twinned diopsides
in the contact zone from Tatliksu exhibit alternations of bright and dark bands. Some twin lamellae
and nearby tremolite fibers are curved; (gh) the same domain in (e) and (f), respectively. Each
individual diopside twin displays identical brightness in BSE images, showing no obvious chemical
change. Di—diopside; Ep—epidote; Tr—tremolite; Ng, Nm and Np—optical axis, Ng > Nm > Np;
O.A P—optical axial plane.

Twinned diopside crystals are found in the epidote-altered diopsidite zone and occur
as fine strips or small blocks in nephrites. Their grains vary in size from 0.2 to 2.0 mm
and range from colorless to light-brown with slightly round boundaries. Some diopsides



Minerals 2022, 12, 1575

6 of 12

(ca. 20%) display alternating bright and dark bands under cross-polarized light and cor-
responding parallel striations under plane-polarized light (Figure 3). These striations are
straight and consecutive in the direction of elongation. In the BSE images, they show the
same brightness (Figure 3e-h), excluding even a slight chemical change. Individual odd
or even lamellae show alternating extinctions, and adjacent lamellae show extinctions at
intervals of approximately 30-60°. The simultaneous extinctions of interphase lamellae
indicate an identical crystallographic orientation. These observations allow for the sugges-
tion of polysynthetic twinning. These thin twin lamellae are commonly <50 pm in width.
Some twin lamellae and nearby tremolite fibers were found to be curved, implying stress
after the formation of diopside twins.

Square or octagonal basal sections revealed a group of microcracks that are nearly
perpendicular, corresponding to the {110} cleavage of diopside (87°, Figure 3a). These
cracks stretch for 200400 pm and are approximately 100-200 um apart. In addition, many
samples exhibited microcracks perpendicular to the extension direction. In most cases,
twin striations and cleavages/cracks were found to display oblique crossings.

4.4. Mineral Chemistry

Pyroxenes in the nephrite deposits contain 0.90-1.04 a.p.f.u. Mg and 0.98-1.05 a.p.f.u.
Ca, indicating a composition close to the diopside end-member (Table 1 and Figure 4a) [32].
The contents of (Fe?* + Fe®") show minor variation, with a maximum of 0.21 a.p.f.u.
(up to 21 mol.% hedenbergite end-member). Diopsides from the Tatliksu deposit
(0.067-0.207 a.p.f.u.) yield higher concentrations of Fe ions compared to those from Niew-
ang (up to 0.008 a.p.f.u.). They differ from those reported twinned diopsides from other
types of rocks [20].

CazSizos (Wo) b
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Figure 4. (a) Plot of the Ca-Mg-Fe composition of clinopyroxenes with polysynthetic twinning based
on Wo-En-Fs (mol.) ternary classification [32]; (b) Classification diagram of surrounding amphiboles,
after Leake et al. [33] and Hawthorne et al. [34].

Based on the classification scheme of the amphibole supergroup [33,34], most amphi-
boles in this study are tremolites (see Table 2 and Figure 4b). Tremolites from Niewang
yield Mg contents of 4.84-5.31 a.p.f.u. and Mg* [Mg/(Mg + Fe?*)] of 0.99-1.00, whereas am-
phiboles from Tatliksu contain less Mg (4.15-4.75 a.p.f.u.) and Mg (0.88-0.95), partially
belonging to actinolite. This is similar to the feature of Mg vs. Fe in the diopsides from the
two deposits.
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Table 1. Chemical compositions of diopside from the studied nephrite deposits (wt.%) *.

Depf)rs;zeRock Niewang (Close to Nephrite) Tatliksu (Ep-Di Zone)
Sample 007-2 007-3 1 5-9
No. 1-2 4-1 5 8 5-1 4-1-1 2-4 1-4 1-3 1-2
SiO; 55.844 55.111 54.942 54.557 54.295 55.302 54.111 53.820 52.491 52.310
TiO, b.d.L 0.045 0.027 0.032 0.101 0.012 0.077 b.d.l b.d.L b.d.L
Al O3 0.052 0.112 0.115 0.364 0.095 0.087 0.120 0.188 0.362 0.121
Cry,O3 0.026 b.d.l b.d.l. 0.027 b.d.l. b.d.L 0.045 n.a. n.a. n.a.
FeO 0.020 0.083 0.118 0.203 0.083 b.d.L 0.177 2.280 2.170 6.527
MnO 0.055 0.029 b.d.L 0.049 b.d.L 0.002 0.092 0.129 0.118 1.146
NiO b.d.L 0.018 b.d.L 0.010 0.061 0.059 0.038 b.d.l b.d.l b.d.L
MgO 18.430 18.613 18.940 18.844 19.401 18.100 18.651 16.458 16.305 12.798
CaO 25.724 25.314 26.499 25.861 26.142 25.373 25.877 26.404 26.307 25.576
Na,O 0.030 0.015 0.029 0.075 0.048 0.018 0.044 0.095 0.124 0.133
KO b.d.L 0.016 b.d.l 0.010 0.004 0.004 0.010 b.d.l 0.004 b.d.L
Total 100.181  99.356 100.67  100.032  100.23 98.957 99.242 99.374 97.881 98.611
Si 2.01 2.00 1.96 1.96 1.95 2.02 1.96 1.97 1.95 1.98
AllV 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.01 0.02 0.01
Fe¥* 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.02 0.03 0.00
Sum T 2.01 2.00 1.97 1.99 1.95 2.02 1.98 2.00 2.00 1.99
Fe¥* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.04 0.04
Fe?* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.16
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04
Mg 0.99 0.99 1.00 1.00 1.00 0.98 1.00 0.90 0.90 0.72
Sum M1 0.99 0.99 1.00 1.00 1.00 0.98 1.00 0.95 0.94 0.96
Mg 0.00 0.01 0.01 0.01 0.04 0.00 0.01 0.00 0.00 0.00
Ca 0.99 0.98 1.02 1.00 1.00 0.99 1.01 1.04 1.05 1.04
Na 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.01
Sum M2 0.99 1.00 1.03 1.01 1.05 0.99 1.02 1.04 1.06 1.05
Di 1.00 1.00 1.00 0.99 1.00 1.00 0.99 0.93 0.93 0.79
Hed 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.07 0.07 0.21

* The pyroxene formulae were calculated on the basis of 4 cations and 6 oxygens; Fe®* and Fe?* were estimated
by charge balance; b.d.1. —below detection limit, n.a. —not analyzed.

Table 2. Chemical compositions of tremolite-actinolite from the studied nephrite deposits (wt.%) *.

?{eopc(l)(S}lE;;ed Niewang (Nephrite) Tatliksu (Ep-Di Zone)

Sample and No. 7-2-2 7-2-4-3 7-3-5 1-1-2 1-3-2 1-1-3
Si0; 56.792 58.090 57.439 54.851 55.098 54.771
TiO, 0.067 0.027 0.002 0.157 b.d.l 0.078
Al O3 1.499 1.156 1.204 1.009 1.628 2.563
CryO3 0.084 b.d.l b.d.L. n.a. n.a. n.a.
Fe;O3 0.672 0.302 0.435 0.483 0.140 0.000
FeO 0.606 0.555 0.392 4471 4.040 4.848
MnO 0.081 0.080 0.067 0.140 0.140 0.098
NiO 0.001 0.108 0.017 b.d.1 0.016 0.014
MgO 24.673 24.239 24904 20.400 20.569 19.555
CaO 13.282 12.297 13.309 13.721 13.627 13.526
Na,O 0.229 0.119 0.175 0.110 0.204 0.322
K;O 0.261 0.367 0.143 0.055 0.089 0.150

Total 98.247 97.340 98.087 95.397 95.551 95.925
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Table 2. Cont.

?{i)pc(l)j}lf;;ed Niewang (Nephrite) Tatliksu (Ep-Di Zone)
Sample and No. 7-2-2 7-2-4-3 7-3-5 1-1-2 1-3-2 1-1-3
Si 7.71 7.91 7.77 7.86 7.84 7.80
Al 0.24 0.09 0.19 0.14 0.16 0.20
Ti 0.01 0.00 0.00 0.00 0.00 0.00
Fe3* 0.04 0.00 0.04 0.00 0.00 0.00
Sum T 8.00 8.00 8.00 8.00 8.00 8.00
AIVI 0.00 0.10 0.00 0.03 0.11 0.23
Cr 0.01 0.00 0.00 0.00 0.00 0.00
Ti 0.00 0.00 0.00 0.02 0.00 0.01
Fe3* 0.03 0.03 0.00 0.05 0.02 0.00
Mg 491 4.86 4.96 4.36 436 415
FeZ* 0.00 0.00 0.00 0.47 0.48 0.58
Mn 0.01 0.01 0.00 0.02 0.02 0.01
Ca 0.00 0.00 0.00 0.04 0.01 0.02
Sum C 5.00 5.00 5.00 5.00 5.00 5.00
Mg 0.09 0.06 0.06 0.00 0.00 0.00
Ni 0.00 0.01 0.00 0.00 0.00 0.00
Fe?* 0.00 0.03 0.00 0.00 0.00 0.00
Mn 0.00 0.00 0.01 0.00 0.00 0.00
Ca 1.91 1.80 1.93 2.00 2.00 2.00
Na 0.00 0.03 0.00 0.00 0.00 0.00
Sum B 2.00 1.93 2.00 2.00 2.00 2.00
Ca 0.02 0.00 0.00 0.02 0.03 0.01
Na 0.03 0.00 0.05 0.03 0.06 0.09
K 0.05 0.06 0.03 0.01 0.02 0.03
Sum A 0.10 0.06 0.08 0.06 0.11 0.13
Mg/(Mg + Fe?") 1.00 0.99 1.00 0.90 0.90 0.88
Mineral Tr Tr Tr Tr Tr Act

* Amphibole formulae were calculated using the software MINPET 2.0 on the basis of 23 oxygen atoms and
13 small cations (excluding Ca, Na and K). The Fe;O3 contents and total contents were recalculated based on the
results for Fe®*. B.d.l.—below detection limit; n.a.—not analyzed.

5. Discussion
5.1. Determination of the Twinning Law

Parallel lamellae could also be observed in some pyroxenes, and this is attributable to
exsolution [35]. However, this explanation can be easily excluded from polysynthetic twin-
ning because of the following distinguishing characteristics: 1. Lamellae that are linked
to exsolution are commonly parallel to the host crystal, which displays a parallel extinc-
tion, while the extinction relative to twinning planes is oblique. 2. Exsolution lamellae
usually terminate at a short distance from the boundary of the host crystal and are fre-
quently curved at their termination, while twinning planes extend across the entire grain.
3. Exsolved lamellae show varying chemical compositions, and thus, the corresponding
BSE images are inhomogeneous. Therefore, the observed patterns of the diopsides in the
studied nephrite deposits are considered to be polysynthetic twinning. Owing to other fre-
quent brittle-ductile deformations of diopside and some adjacent tremolite fibers (curved,
Figure 3), this polysynthetic twinning is more likely to be a mechanical one.

Raleigh and Talbot [11] and Kirby and Christie [18] determined the twin glide ele-
ments for two mechanical twins of diopside to be (100)[001] and (001)[100] based on the
transmission electron microscopy observations. Subsequently, several laboratory defor-
mation experiments confirmed the (100)[001] glide system was preferentially activated
in clinopyroxenes [8,9,19,36,37], while (001)[100] twins originated from growth instead of
shock deformation [16].

In this study, the twinning law was determined by an optical indicatrix using a con-
denser, Bertranlens and a gypsum plate (Figure 3b). Based on the interference pattern
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under the condenser and Bertranlens, the optical axial plane (O.A.P) was identified. Then,
as the normal direction of the O.A.P, the Nm optical direction could also be determined.
After the insertion of a gypsum plate, the interference color for areas at the protruding di-
rection of the black arc changed from I-gray to II-blue, implying a radius with the same
name as the inserted plate (Np). Further, it was deduced that the composition planes of
twins were nearly perpendicular to the Np and parallel to the Nm. It is known that the
Nm optical axis of diopside coincides with the crystallographic b-axis, and the Np is near
the a-axis with an angle of 22°-32°. Therefore, the main law for the polysynthetic twin-
ning of diopside in the nephrite deposit can be inferred as (100)[001]. This conclusion is in
agreement with the findings from [8,9,19,36,37].

5.2. Estimation of P-T Conditions

Experimental studies on the deformation of single clinopyroxenes (diopside; heden-
bergite [19,36,38-40]; spodumene [41]) and polycrystalline aggregates (eclogites [14,42];
clinopyroxenites [43]; and jadeitites [8,9]) indicated a low—moderate temperature, a mode-
rate-high stress, and/or a very high strain rate associated with the major deformation pro-
cess for clinopyroxene twinning. As the required stress was confirmed to be almost insen-
sitive to the temperature, strain rate and water content [19,36,44], twinned diopsides can
be used as a geobarometer to estimate the magnitude of the shear stress experienced by
host rocks.

Kollé and Blacic [19] indicated a homogeneous stress field and an average critical re-
solved shear stress (CRSS, ores) for the (100)[001] mechanical twinning of chrome diopside
and hedenbergite of 100 &= 30 and 140 £ 10 MPa, respectively. These values were compa-
rable to those for jadeite (150 £ 5 MPa) [9]. Among these, the low values and wide scatter
in the data for chrome diopside are attributable to numerous inclusions and (001) growth
twins. Thus, a CRSS in the range of 140-150 MPa is considered a more reasonable twinning
stress for clinopyroxenes. Then, a minimum differential stress (o1-03) of 280 MPa can be
calculated based on the following equation [9]:

Ores = (01-03) (cosY - 0s8) <=> (01-03) = Ores/(cOsY - cosO) @™

where v is the angle between the inferred o;” direction and the normal to the (100) plane,
and 0 is the angle between 07" and [001]. Additionally, experiments on the twinning of
clinopyroxenes have even attained differential stresses greater than 0.5 GPa (possibly even
up to 1 GPa) [8,19]. Therefore, these diopside twins in nephrites recorded a peak stress of
at least 0.28 GPa—even up to 1 GPa—after the formation of diopside, a value which is con-
siderably higher than the pressure related to the formation of nephrite (100-200 MPa [45]).

5.3. Genesis of Mechanical Twinning of the Diopside

In contrast to calcites and feldspars, mechanical twinning is rare in pyroxenes. Anal-
yses of the crystal structures suggested that the formation of twins of diopside along (100)
involved a partial dislocation of the Burgers vector ¢/2 in the (100) octahedral layers, which
resulted from a quasi-instantaneous deviatoric stress on (100) planes in the [001] direc-
tion [17]. In general, these are considered signatures of strong shock events, such as shocks
from meteorites [19,38,46—48] and shocks generated in the laboratory statically [17,18] or
tectonically [36,38]. In terrestrial clinopyroxenes, such shocks were found to be rare, unless
there was a quasi-instantaneous loading that was attributable to the stress redistribution
during a major seismic event [8,9,11,49,50].

The ATF is one of the few great active strike-slip faults worldwide. It is also one of the
major seismically active belts in China and is regarded as a natural laboratory for earth-
quake behavior research [51]. Multiple complex geological evolution processes, such as
oceanic crust subduction, exhumation and collision orogeny during the convergence of the
Tarim Block and the Proto-Tethys Tectonic System in the Early Paleozoic, triggered a series
of intense tectonic deformations [24-29,51-54]. In this region, quite a few paleoearthquakes
ranging in occurrence from the Paleozoic to Mesozoic period have been recorded and re-
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ported on, e.g., [51,54,55]. The distribution of nephrite deposits in the Kunlun and Altyn
Mountains is closely related to the strike-slip fault and shear zone, where the earthquake
epicenters are concentrated.

Based on above proofs, the polysynthetic twinning of diopsides in nephrites can be
attributed to paleoearthquakes.

5.4. The Influence of Twinned Diopsides on Nephrite Formation

As an important mineral in almost every nephrite deposit, diopside was found to be
commonly replaced by tremolite via the following retrograde reaction [56]:

5Di +3CO; + HpO = Tr + 3Cal + 25i0; (aq) (2)

This reaction usually happened along the cleavages, cracks and crystal boundaries
of diopside. The polysynthetic twinning of diopside did not generate fractures. How-
ever, spaces in the twinning planes between adjacent twinned lamellae also facilitated the
replacement of diopside by tremolite. As shown in Figure 3, some tremolite fibers obvi-
ously developed parallel to twin striations. This implies that the polysynthetic twinning of
diopside can accelerate the replacement of diopside by tremolite and promote a thorough
reaction when undergoing the process outlined in Equation (2) above.

6. Conclusions

Diopsides with polysynthetic twinning of the (100), [100] law were found in the nep-
hrite deposits from Qiemo, China. They were close to the Di end-member. The forma-
tion of these diopside twins required an average critical resolved shear stress of 140 MPa
and a differential stress of at least 280 MPa, conditions which were likely induced by pa-
leoearthquakes. Petrographic observation revealed the replacement of diopside by tremo-
lite, also through its twin lamellae. Therefore, in the long and multi forming stages of
the nephrite deposit, this twinning would have accelerated the thorough replacement of
diopside by tremolite, which is of potential gemological significance.
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