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Abstract: The calcite mylonites in the Xar Moron-Changchun shear zone show a significance dextral shearing 

characteristics. The asymmetric (σ-structure) calcite/quartz grains or aggregates, asymmetry of calcite c-axes fabric 

diagrams and the oblique foliation of recrystallized calcite grains correspond to a top-to-E shearing. Mineral 

deformation behaviors, twin morphology, C-axis EBSD fabrics, and quartz grain size-frequency diagrams 

demonstrate that the ductile shear zone was developed under conditions of greenschist facies, with the range of 

deformation temperatures from 200 to 300 °C. These subgrains of host grains and surrounding recrystallized grains, 

strong undulose extinction, and slightly curved grain boundaries are probably results of intracrystalline deformation 

and dynamic recrystallization implying that the deformation took place within the dislocation-creep regime at shallow 

crustal levels. The calculated paleo-strain rates are between 10–7.87 s–1 and 10–11.49 s–1 with differential stresses of 

32.63–63.94 MPa lying at the higher bound of typical strain rates in shear zones at crustal levels, and may indicating 

a relatively rapid deformation. The S-L-calcite tectonites have undergone a component of uplift which led to 

subhorizontal lifting in an already non-coaxial compressional deformation regime with a bulk pure shear-dominated 

general shear. This E-W large-scale dextral strike-slip movement is a consequence of the eastward extrusion of the 

Xing'an-Mongolian Orogenic Belt, and results from far-field forces associated with Late Triassic convergence 

domains after the final closure of the Paleo-Asian Ocean. 
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1 Introduction 

 

Shear zones are narrow, planar and places where the strain is locally concentrated relative to their 
surrounding regions (Ramsay, 1980; Means, 1995; Holyoke and Tullis, 2006). Structural geologists have 
long been interested in ductile shear zones (e.g., Simpson and De Paor, 1993; Xypolias and Doutsos, 
2001; Tikoff and Greene, 1997; Bahattacharya and Weber, 2004; Yang, 2005; Zhu et al., 2006; Liang et 
al., 2015; Zhang et al., 2014, 2017; Cao et al., 2011, 2017). Mylonitic rocks in ductile shear zones are 
products of ductile deformation in the middle to lower crust, and their fabric evolution is closely related 
to strain intensities, shear types, rheological parameters as well as meso- and micro-structures (Lister, 
1977; Sibson, 1977; Brodie, 1980; Wernicke, 1985; Zheng, 1999; Wang et al., 2002, 2007; Li et al., 2010; 
Wang et al., 2011; Liu et al., 2012; Liang et al., 2015; Zhang et al., 2014, 2017; Cao et al., 2011, 2017), 
which are commonly characterized by dynamic recrystallization and grain size reducing (Zheng and 
Chang, 1985; Tikoff and Fossen, 1995, 1999; Zheng and Wang, 2005).   

Carbonatites are mainly composed of calcite (CaCO3), variable amounts of dolomite (CaMg(CO3)2) 
and minor ankerite (CaFe(CO3)2). These most abundant minerals present in the middle and upper crust 
found in shear zones which likely control the rheology of these zones (Heard and Raleigh, 1972; Rutter, 
1972, 1974; Schmid et al., 1977; Schmid et al., 1980; Walker et al., 1990; De Bresser, 2001; Renner et al., 
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2002; Herwegh et al., 2005; Austin and Evans, 2009; Liang et al., 2015; Zhang et al., 2017; Cao et al., 
2017). Macro-microfabric studies in low grade carbonate mylonites provide crucial data on deformation 
conditions and kinematics from upper crust (Burkhard, 1993; Leiss et al., 1999; De Bresser, 2001; 
Bestmann et al., 2000, 2006; Llana-Fúnez and Rutter, 2008; Marques et al., 2015; Liang et al., 2017). 
Compared to other common shallow crustal minerals like quartz (plastic flow not below 270 °C; e.g. Voll, 
1976; Stipp et al., 2010) and feldspar (above 450–500 °C; Bell and Johnson, 1989; Kruse et al., 2001), 
crystal plastic slip in calcite starts at a lower temperature (about 180 °C), and can accumulate large 
amounts of strain with progressive deformation or increasing of pressure-temperature (e.g., Rutter, 1974, 
1995; Schmid et al., 1977, 1980, 1987; Wenk et al., 1987; Walker et al., 1990; Rutter et al., 1994; 
Bestmann et al., 2000; De Bresser, 2002; Renner et al., 2002; Llana-Fúnez and Rutter, 2008). The calcite 
has important consequences for understanding the rheology of the upper lithosphere, thermal history, 
tectonic evolution, kinematics and related deformation-metamorphic processes (Poirier, 1980; Rutter and 
Brodie, 1988; Van der Pluijm, 1991; Busch and Van der Pluijm, 1995; Montési and Hirth, 2003; 
Bestmann and Prior, 2003; Bestmann et al., 2000, 2006; Negrini et al., 2018). 

 Central-Eastern Asia, located between the North China Craton (NCC) and Tarim Craton in the south 
and the Siberian Craton in the north, recorded the Neoproterozoic to Paleozoic evolution of the Central 
Asian Orogenic Belt (CAOB; e.g. Sengör et al., 1993; Xiao et al., 2003; Jahn, 2004; Xu et al., 2013; Liu 
et al., 2017; Zhou et al., 2018; Dai et al., 2018; Yu et al., 2018, 2019a, b; Fig. 1). It was traditionally 
believed by many studies that the Solonker-Xar Moron-Changchun-Yanji Suture Belt (Fig. 1 and 2a) 
marks the site of the final closure of the Paleo-Asian Ocean and this suture has become the focus of many 
recent studies (Enkin et al., 1992; Xiao et al., 2003; Jia et al., 2004; Sun et al., 2004; Li, 2006; Wu et al., 
2007, 2011; Cao et al., 2013; Sun et al., 2013; Xu et al., 2013; Zhou and Wilde, 2013; Eizenhöfer et al., 
2014; Safonova and Santosh, 2014; Han et al., 2016; Han et al., 2017; Wang et al., 2015, 2016; Wilde, 
2015; Du et al., 2017; Liu et al., 2017). Many studies surrounded the Paleo-Asian Ocean have been 
carried out during the past decades in order to identify the geological characteristics, isotopic ages, ore 
genesis, origin and evolution of the associated intrusions as well as the corresponding geodynamic 
settings (Chen et al., 2008; Liu et al., 2010; Ma et al., 2013; Sun et al., 2013; Zhang et al., 2009a, b, 2010, 
2012; Zhou et al., 2018). 
 

 
Fig. 1. Schematic tectonic map that shows the main subdivisions of central and eastern Asia and the location of the 
study area (modified from Zhou et al., 2018). 

 
The Early Mesozoic evolution along the Solonker-Xar Moron-Changchun-Yanji Suture Belt is also not 

well understood, which is a crucial period in deciphering the tectonic transition from Paleozoic evolution 
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of the CAOB to the Late Mesozoic (Meng, 2003; Li, 2006; Li et al., 2014). Several Early Mesozoic 
strike-slip faults on the northern margin of the NCC were described preliminarily, e.g., the western Xar 
Moron-Changchun Fault or ductile shear zone, activated along the Solonker-Xar 
Moron-Changchun-Yanji Suture Belt (Zhao et al., 2015), and Chicheng-Fengning-Longhua Fault (Wang 
et al., 2013), which give us good opportunities to study the Early Mesozoic kinematics and deformation in 
this area. There has been also a special outpouring of concern for the reactivation and deformation along 
the Xar Moron-Changchun Fault, as the suture belt of the final closure of the Paleo-Asian Ocean. It can 
give important clues to decipher the Early Mesozoic tectonic evolution of the northern margin of NCC, 
eastern of CAOB or southern of Xing'an-Mongolian Orogenic Belt (XMOB) which consists of Erguna, 
Xing'an Songnen, Jiamusi and Khanka massifs and several orogenic belts between them (Xu et al., 2013, 
2015; Liu et al., 2017; Zhou et al., 2018).   

In the central part of Xar Moron-Changchun Fault (south of Changchun) exposed lots of Carboniferous 
carbonatites (C3s Shizuizi Formation, C2m Mopanshan Formation and C1l Luquantun Formation), which 
are strongly deformed and show a significance dextral shearing characteristics. These exposures of this 
shear zone present an excellent opportunity to perform multidisciplinary investigation on the effects of 
calcite on the rheological, microstructural, structural features during dextral shearing in Carboniferous to 
Mesozoic. Hence, this study presents a multi-disciplinary macro-microstructural, textural electron 
backscatter diffraction (EBSD), geometry, paleopiezomety analysis of a shear zone in calcite mylonites 
located in the south of Changchun. We named it as the Xar Moron-Changchun dextral shear zone (eastern 
part of Xar Moron-Changchun Fault; Fig. 1 and 2), and we try to discuss its place in the Early Mesozoic 
tectonic framework of eastern CAOB, but also provide further insights into the Permian-Triassic tectonic 
evolution of the eastern segment of the Paleo-Asian Ocean. 
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Fig. 2. (a) Tectonic sketchmap of NE China, modified after Liu et al. (2017). (b) Detailed geological map of the 
Changchun-Shuangyang area in central Jilin Province with sampling locations.  
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2 Geological Setting 

 

The Central Asian Orogenic Belt (CAOB; Fig. 1) is one of the largest and most complex orogenic 

collages in the world, which preserves crucial evidence for Phanerozoic juvenile crustal growth (Sengör 

et al., 1993; Wilde et al., 2000, 2003; Jahn, 2004; Xiao et al., 2003, 2015; Kröner et al., 2014, 2017; 

Windley et al., 2007; Safonova et al., 2011; Safonova and Santosh, 2014; Xiao and Santosh, 2014; Wilde, 

2015; Wilde and Zhou, 2015; Cai et al., 2016; Liu et al., 2017; Safonova, 2017). This huge Phanerozoic 

suture belt is regarded as a natural laboratory for exploring the geodynamic processes during accretionary 

orogenesis and continental growth (Xiao and Santosh, 2014). During its long tectonic evolutionary 

history, the Northeast China or Xingan’an Mongolian Orogenic Belt (XMOB) witnessed the evolution 

and final closure of the Paleo-Asian Ocean and the amalgamation of micro-continental blocks, which 

from southeast to northwest are the Jiamusi-Khanka, Songliao-Xilinhot, Xing'an, and Erguna blocks (Fig. 

2a; Wu et al., 2007, 2011; Cao et al., 2013; Wilde, 2015; Liu et al., 2017; Zhou et al., 2018). This region 

also witnessed overprinting by the circum-Pacific tectonic domain in the east and the Mongol-Okhotsk 

tectonic domain in the northwest during the Mesozoic (Li, 2006; Windley et al., 2007; Wu et al., 2007; 

Xu et al., 2009a; Zhou and Wilde, 2013; Guo et al., 2015; Wilde, 2015; Wilde and Zhou, 2015; Li et al., 

2019; Liang et al., 2019).   
The Xar Moron-Changchun Fault as the suture belt of the final closure of the Paleo-Asian Ocean, 

which is documented by both geological (Li, 2006) and geophysical evidence (Liu et al., 2008; Chen et al., 
2008). Most of the eastern Xar Moron-Changchun Fault is hidden by desert sands and Cenozoic 
sediments, notably, the central segment has well-exposed mylonites (Figs.1 and 2a), and is chosen as the 
target for this study (Fig. 2b and 3a).  

In the south of Changchun, Taiping Town, exhibits a pervasive ductile deformation. From a 
litho-stratigraphic point of view, this location exposes the following succession in an ascending order 
(IMBGMR, 1991). The Ordovician-Devonian (O-D) is mainly composed of schist, limestone, slate, 
sandstone, and volcanic-sedimentary rocks. The Carboniferous sequence is deformed limestone, with 
dextral shearing fabrics showing obvious E-W striking foliations and sub-horizontal lineation (Fig. 3b). A 
weak and local metamorphic Permian volcanic-sedimentary sequence overlies the Early Paleozoic calcite 
mylonites (Fig. 2b and 3c). In the Mesozoic, the whole area came into a terrestrial environment, and 
deposition was absent except for the Late Triassic-Jurassic continental volcanic-sedimentary deposits 
(IMBGMR, 1991). Lastly, undeformed Early Cretaceous granites intruded into older rocks, and terrestrial 
sedimentary rocks overlaid (Fig. 2b).  

The shear zone boundaries are parallel to the main foliation of the coarse-grained calcite mylonites. 
Rare mica flakes in the coarse grained mylonites define a mineral lineation. For the detailed laboratory 
and microscopic studies, we collected oriented calcite mylonite samples from Early Carboniferous C1l 
Luquantun Formation in quarries where the shear zone is well exposed (Fig. 3a). Crystallographic and 
shape fabrics describe preferred orientations with respect to a fixed sample reference system. 
Conventionally the main foliation is used as the reference plane. The main foliation is usually parallel to 
the direction of shearing. In this study, the axes of the sample reference frame are defined by X parallel to 
the mineral lineation, Z normal to the shear zone boundary, and Y perpendicular to both. Polished 
thin-sections were cut in the XZ plane. All microstructural observations, photomicrographs and pole 
figures of EBSD analysis are presented in XZ-sections unless otherwise noted.    
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Fig. 3. (a) Google Earth map of the southern Taiping Town showing the sample locations. (b) Various planar and 
linear mesoscopic fabric orientations are shown in the lower hemisphere (Schmidt) projection. (c) The comprehensive 
histogram of geochemistry-sedimentary facies of Lower Carboniferous Luquantun Formation (C1l; modified after 
Hong et al., 2009). 

 

3 Deformation Mesostructure Characteristics 
 
In the outcrops, we analyzed all the structures of the calcite mylonites shear zone (Xar 

Moron-Changchun ductile shear zone) at the southern Taiping Town that are subparallel to the margins of 
the nearly E-W Xar Moron-Changchun Suture Belt (Fig. 2, 4). Outcrop-scale structural features, e.g., 
shear features, foliations and lineation, were studied and sampling was performed. Calc-silicate minerals 
are dominated by calcite, quartz and rare muscovite. The numerous calcite mylonites intermittent traced 
the extension of a dextral shear zone (Fig. 4). Rare mineral-stretching lineations on the bedding and/or 
foliation planes in the calcite mylonite plunge shallowly to the East or West (Figs. 2b and 4). Table 1 
contains a description of the structural and petrological characteristics of the dated samples.  

Our field observations around the southern Taiping Town enable us to decipher the main ductile 
deformation event, namely an E-W dextral shearing. Shear zone fabrics include a significant schistosity 
and slightly banded structures which exhibit a gneissosity with an E-W trend (355/75 to 88, dip 
direction/dip) (Figs. 2b and 4). The calcite mylonites (C1l) developed a planar-linear mylonitic fabrics 
(Fig. 4). All of these rocks are characterized by high-angle dipped mylonitic foliations and E-W 
sub-horizontal stretching lineations yielding dextral kinematic indicators. The calcite mylonites are 
uniformly fine-grained, except coarse-grained porphyroblasts. Strongly stretched and oriented calcites 
define a foliation oriented parallel to the E-W shear zone. Distinct color banding also defines a 
macroscopic compositional foliation (Fig. 4j, g; Table 1). They define a weak foliation and faintly visible 
mineral lineation with some calcite and fine quartz grains (Fig. 4f, h). Dextral shearing can be observed at 
both the outcrop and thin section scales. At the outcrop-scale, the dextral criteria include centimeter-scale 
asymmetric σ-type calcite aggregates and elongated quartz rods (up to 2 cm) (Figs. 4a-d, i).  
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Fig. 4. Some representative mesofabrics associated with dextral shearing. (a-d) Calcite σ-type augen structure 
indicating a dextral shear along an E-W striking shear zone. (e, g) Gneissosity in calcite mylonites; (f, h) Intermittent 
lineation developed in calcite mylonites. (i-j) Calcite σ-type augen structure indicating dextral shear sense. a-h are 
taken form 17TP1, i and j are captured in 17TP2 and 17TP3, respectively. 
Table 1. Characteristics of typical calcite mylonites recognized within the Xar Moron-Changchun dextral shear zone. 

Sample 

NO. 
Latitude Longitude Structures Description 
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17TP1–

1 

N 

43°22′24.5″ 

E 

125°45′29.0″ 

Strongly stretched and oriented calcites 

define a foliation oriented parallel to the 

E-W shear zone. Some calcite and fine 

quartz grains define weak lineation. Large 

recrystallized quartz σ-clasts was 

observed. Calcite grains showing a 

σ-structure. 

Distinctly banded layer of brownish color. Grey impure 

massive calcite mylonite with a few intercalations of thin 

boundinaged mm-thick quartz-rich aggregates or zones. It was 

composed mainly of large twinned calcite and subordinate 

quartz. Quartz grains range from 0.5 to 10 mm, display 

undulose extinction and frequently have embayments of 

fine-grained calcite.  

17TP1–

2 

Distinct banding structures. The band 

containing large (up to 2 cm) 
recrystallized quartz and calcite σ-clasts 

were observed. They define a weak 

foliation and faintly visible mineral 

lineation. 

Impure massive calcite mylonite of pale brown color 

irregularly intercalated with calc-silicate bands. A few thicker 
bands can be traced horizontally through the shear zone. The 

calc-silicate bands consist of mm-sized twinned calcite and 

elongated quartz clasts. 

17TP1–

3 

Elongated aggregates (up to 1 cm) of 

quartz are aligned parallel to the shear 

zone boundary, defines weak foliation. 

Faintly visible mineral lineation. 

Finely banded (spacing < 2 mm) intercalations of calc-silicate 

and calcite mylonite. Calc-silicate layers consist of 20% 

rounded quartz grains 0.5–0.8 mm in size, 80% large (up to 5 

mm) strongly-twinned calcite grains. Quartz grains display 

undulose extinction and frequently have embayments of 

fine-grained calcite. 

17TP1–

4 

A weak foliation defined by aligned fine 

calcite grains. No visible mineral 

lineation. 

Pure massive calcite mylonite consists of mm-sized twinned 

and elongated calcite grains.  

17TP1–

5 

A few large (up to 1 cm) recrystallized 

quartz and calcite σ-clasts were observed. 

No distinct foliation or lineation was 
observed. 

Finely banded ( < 2 mm) calcite mylonite consists of 80% 

large strongly-twinned calcite grains, 10% large (up to 0.5 

mm) quartz grains or aggregates. Muscovite is an accessory 
mineral. 

17TP2–

1 

N 

43°23′50.1″ 

E 

125°47′56.3″ 

A weak foliation defined by aligned 

calcite grains. No lineation identified.  

Fine-grained, relatively pure calcite mylonite of pale grey 

color. Approximately equigranular calcite grains up to 1 cm in 

diameter, straight grain boundaries and heavily twinned.  

17TP3–

1 

N 

43°21′06.2″ 

E 

125°43′42.9″ 

Color banding defines a macroscopic 

compositional foliation. 

Grey impure massive calcite mylonite with a few mm-thick 

quartz-rich zones. Composed mainly (95–98%) of large 

twinned calcite and subordinate quartz. Thicker bands can be 

traced horizontally through the entire shear zone.  

 
 

4 Deformation Microstructures 
 
In thin sections, classical shear criteria, such as millimeter-scale asymmetric σ-type quartz and calcite 

grains (Fig. 5a, e, f) confirm the dextral sense of shear. Based on the appearance of the twins, calcite can 
be classified into four types that correspond to broad ranges of deformation temperatures (Burkhard, 1993; 
Craddock et al., 2007). Type I: Thin twins, straight, rational; 1, 2 or 3 sets per grain; developed under very 
weak deformation, at a very low temperature, < 200°C. Type II: Thick twins (>>1 μm), parallel-sided, to 
slightly lens-shaped, developed under moderate deformation, in the temperature range: 150–300°C. Type 
III: Curved thick twins, twins in twin, irrational, developed under significant deformation, at 
temperatures >200°C. Type IV: Thick, patchy, sutured twin boundaries, irrational orientation, developed 
under strong deformation, at temperatures >250°C, often associated with dynamic recrystallization 
(Ferrill, 1991, 1998; Ferrill et al., 2004; Vernon, 1981). Thin twins (~0.5±5.0 μm) are dominant in our 
sample suite, which is a characteristic of calcite deformed around 200–300 °C, see below (Ferrill, 1991, 
1998; Ferrill et al., 2004; Vernon, 1981; Table 2). In this study, the microstructures and textures of a 
natural shear zone in calcite mylonites are analyzed. The reasons that the shear zone have narrowed and 
deformation has become localized will be explained and interpreted. 
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Fig. 5. Microstructures of the calcite mylonites. (a-b; Sample 17TP1–1) Calcite-twinning lamellae in porphyroclasts 
formed by thick and irregular twins type-I, II and rare III (after Burkhard, 1993; Ferrill et al., 2004; a, b). Shear sense 
(dextral) is given by `σ-shaped' calcite grains embedded within the calcite matrix (a). (c-d; Sample 17TP1–2) 
Calcite-twinning lamellae in porphyroclasts formed by thick twins type-II which enclosed twins type-I. The 
porphyroclasts have elongated shape and they define the oblique foliation. Coarse-grained mylonite (quartz and 
calcite) shows a variable intensity of dynamic recrystallization; coarse-grained porphyroclasts are elongated and show 
a shape preferred orientation, with one dominant twin set clockwise oriented to the reference plane. (e-f; Sample 
17TP1–3) Quartz-ribbon is interlayered between mylonites showing dextral shear sense. Calcite-twinning lamellae in 
porphyroclasts formed by twins type-II and I. (g-h; Sample 17TP1–4) Calcite grains showing two sets of twins, note 
relatively thin and thick straight twins which enclosed twins type-II and I. (i-j; Sample 17TP1–5) Calcite-twinning 
lamellae in porphyroclasts formed by twins type-II and I. The porphyroclasts have elongated shape and they define 
the oblique foliation. Dynamic recrystallization of quartz grains are elongated and show a shape preferred orientation. 
(k; Sample 17TP2–1) Calcite-twinning lamellae in porphyroclasts formed by twins type-II and I. (l; Sample 17TP3–1) 
Coarse-grained mylonites show small mount of dynamic recrystallization with undulatory extinction; coarse grains 
are elongated with one dominant twin set approximately parallel to the foliation. In all microphotographs, sample 
numbers are shown in the upper left corner. All micrographs were taken with crossed polarizers. 
 

Table 2. Deformation features of typical calcite mylonites recognized within the Xar Moron-Changchun dextral shear zone at southern 

Taiping Town. 

Sample NO. 

Calcite twin type 

 (Burkhard, M., 

1993; Ferrill, 1991) 

Type of quartz 

recrystallization 
Geometry description Temperature/ °C 

17TP1–1 Type Ⅰ, Ⅱ 
Bulges and recrystallization, 

undulatory extinction  

Thin twins, straight, rotional, 1,2,3 sets per grain; 

little deformation, little cover, very low 

temperature. 
＜200℃ 

17TP1–2 Type Ⅰ, Ⅱ 
Bulges and recrystallization, 

undulatory extinction  

Thick(＞＞1μm), straight, slightly lense shaped, 

rational; considerable deformation; 1, 2, 3 sets 

per grain. 

＞200℃ 
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17TP1–3 Type Ⅰ, Ⅱ 
Bulges and recrystallization, 

undulatory extinction  
1, 2, 3 sets per grain. thick(＞＞1μm), straight, 

slightly lense shaped; considerable deformation. 
＞200℃ 

17TP1–4 
Type Ⅰ, Ⅱ, small 

amount of type Ⅲ 
 

Thick(＞＞1μm), straight, slightly lense shaped, 

rational; considerable deformation; 1, 2, 3 sets 

per grain; some with curved thick twins; 

considerable deformation. 

＞200℃ 

17TP1–5 Type Ⅰ, Ⅱ 
Bulges and recrystallization, 

undulatory extinction  

Thin twins, straight, rotional, 1,2,3 sets per grain. 

thick(＞＞1μm), straight, slightly lense shaped. 
＞200℃ 

17TP2–1 
Type Ⅰ, small 

amount of type Ⅱ 
 

Thin twins, straight, rotional, 1 or 2 sets per 

grain; little deformation, very low temperature; 

part grains with thick(＞＞1μm), straight, 

slightly lense shaped twins. 

~ 200℃ 

17TP3–1 Type Ⅱ  
Thick(＞＞1μm), straight, slightly lense shaped, 

rational; considerable deformation, completely 

twinned grains. 

150–300℃ 

 

 
The orientation of the calcite and dolomite layers is easily visible in hand specimens by color contrast 

of creamy dark impure dolomite with some calcite (Fig. 4) and white pure calcite. The shear zone grades 
into a discontinuity. As no stretching lineation can be observed, the sample has been cut mutually 
perpendicular to the foliations in order to undertake a detailed study. All analyzed samples display a 
single, homogeneous developed and penetrative mylonitic foliations. In the thin section scale, foliation is 
commonly defined by thin and discontinuous grains and/or the shape preferred orientation of calcite 
grains and/or by the boundary between pure calcite domains with contrasting grain sizes. 

Strongly foliated calcite mylonites have a S-L tectonic fabric characterized by mantle microstructures 
and rotational porphyroblasts bounded by the same size recrystallized grains of calcite or quartz with 
lobate grain boundaries (Fig. 5a, e, f, h, i). 90% of the calcite observed in optical microscopy images 
exhibit prominent twinning (Fig. 5). Twinning is accomplished usually with one or two sets of twins, 
although grains with a single twin set are more common. Grains with three twin sets rarely occur. Most 
twins are rational with smooth and straight boundaries and terminate at grain margins revealing that they 
were formed during the final deformation stages (Burkhard, 1993; Lafrance et al., 1994). These twins 
correspond to geometric types I and II described by Burkhard (1993). However, type II twins are 
dominant. Bent and twinned twins (type III; nomenclature after Ferrill et al., 2004) are also observed in a 
few grains, and these twins with serrated or irregular boundaries are common. These morphological 
features indicate that twinning occurred mainly at deformation temperatures between 200 °C and 300 °C 
(Burkhard, 1993; Ferrill et al., 2004). 

Samples consist mainly of relatively coarse-grained calcites with a mean grain size of 200–500 μm (Fig. 
5). Large grains (calcite porphyroclasts) are moderately elongated (Fig. 5) with a mean aspect ratio (long 
axis/short axis) ranging from 1.5 to 5.6, highly strained. The long axes of the elongated grains are 
approximately parallel to the main foliation plane and low angle orientated anticlockwise to the shear 
zone boundaries (Fig. 5) and define an oblique foliation consistent with a dextral sense of shear (Fig. 5). 
Large calcite grains show a high density of Type I, II and rare III twins (Fig. 5). Type III twins (Ferrill et 
al., 2004) are still present in the porphyroclasts but they are less intense and generally only one set of 
twins orientated anticlockwise to the shear zone boundaries is well preserved (Fig. 5a). The twins 
terminate at grain boundaries or taper towards the interior of grains (Type III; Fig. 5a). Most of the twin 
lamellae are slightly curved (Figs. 5a-f). Many porphyroclasts show a characteristic symmetrical undulate 
extinction by the movement of conjugate extinction bands through the grain interior. All the samples 
consist of c. 5% recrystallized grains (area occupied by grains<40 μm in diameter; Fig. 5). 
Recrystallization in a strong deformation area is concentrated along the boundaries of large calcite 
porphyroclasts and locally along the borders of twin lamellae (Figs. 5a, h). Recrystallized grains (10–50 
μm) are equigranular to polygonal in shape, with straight to slightly curved grain boundaries (Fig. 5); they 
display neither undulatory extinction, twins, nor subgrains (Fig. 5a). Triple grain junctions are frequent 
(Fig. 5). These microstructural features provide some indications that static recrystallization and grain 
growth (annealing processes; Molli et al., 2000, 2011; Barnhoorn et al., 2005) may have occurred after 
shearing. 

A population of small (30 to 100 μm), generally not twinned calcite grains with sharp extinction, 
commonly decorate the boundaries of large twinned grains (Fig. 5b, c, d). These grains are interpreted as 
dynamically recrystallized calcite grains. These recrystallized grains replace both the host and twinned 
parts of the old large grains, which implies that grain boundary recrystallization postdates twinning in 
these samples. On the ground that our samples are dominated by thick twinning (type II) with evidence of 
recrystallization at the boundaries of twinned calcite grains, the deformation should have occurred under 
increasing temperatures (to 300 °C), as pointed out by Ferrill et al. (2004). Generally, these 
deformation-bands or grains of complete recrystallization are characterized by a smaller grain size (Fig. 
5a). 
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 In addition, the tectonic fabrics in weak deformation samples are more homogeneously developed and 
have a lower percentage of recrystallized grains than the fabrics of strong ones, where strongly deformed 
calcite mylonites usually have intercalated quartz-ribbons (Fig. 5a, c, d, e, i).  

Rare quartz grains (50–150 μm average size) are incorporated in the interior of calcite grains or at grain 
boundaries. Microstructures observed in quartz grains include lenticular aggregates and polycrystalline 
ribbons indicating dynamic recrystallization by bulging (BLG; Fig. 5a-e, i-j). All these quartz grains have 
undulatory extinction with almost the same equant shapes (Fig. 5b, d, j); some dynamically recrystallized 
quartz grains produce a σ-structure indicating the dextral sense of shear (Fig. 5e).  

On the other hand, features related to ductile deformation like curved grain boundaries, undulatory 
extinction, development of core-mantle structures and mylonitization are likely to be related to 
greenschist-facies deformation. If these structures had formed during early high-level metamorphism, 
they would have been annealed, producing straight grain boundaries and absence of undulatory extinction. 
Another factor supporting deformation during greenschist-facies metamorphism is that the orientation of 
the recrystallized grain long axes within the host rocks display a top-to-the-east sense of shear.   

Based on twin morphology (twins types) as well as on the occurrence of grain boundary 
recrystallization, it seems that calcite deformation has mainly occurred at temperatures between 200 °C 
and 300 °C under greenschist-facies implying the last stage of E-W dextral shearing. This agrees with the 
average twin width and twin intensity in our samples, which suggest twinning occurred at temperatures 
around 200 °C (Burkhard, 1993; Ferrill et al., 2004). 

 

5 EBSD Fabric Analyses 
 
5.1 EBSD analytical methods 

 
Seven samples for electron-backscatter diffraction (EBSD) fabric analysis of quartz/calcite 

textures from calcite mylonites were chosen (Table 1, 2), and the locations of the samples are shown 
in Fig. 2. Thin sections with a thickness of 30 μm were prepared along the direction parallel to the 
lineation and perpendicular to the foliation (XZ section), polished using Kejing UNIPOL-802 
precision polishing machine with a colloidal silica solution over 2 h to remove surface damage. The 
EBSD fabric analysis was carried out in the Key Laboratory of Mineral Resources Evaluation in 
Northeast Asia, Ministry of Natural Resources, Jilin University, Changchun, Jilin, China using 
EBSD detector mounted on a tungsten filament EVO MA15 scanning electron microscope (SEM). 
Highly polished thin sections were put in the scanning electron microscope chamber with a 70° tilt 
angle and with the rock lineation (structural X reference direction) parallel to the SEM X-axis. The 
electron backscatter patterns (EBSP) were acquired at a low acceleration voltage of 15 kV, a beam 
current of ca. 3.0 nA and a beam working distance of ca. 20–24 mm. Conducting resin taps attached 
to the sample surface surrounding the measurement area was used to reduce charging effects. The 
EBSP data acquisition was done using mapping modes. Indexing was accepted when at least six 
detected Kikuchi bands matched with those in the standard reflector file for the analyzed mineral 
phases. Indexed points with a Mean Angular Deviation (MAD) larger than 1.2 (between detached 
and simulated patterns) were eliminated to avoid suspicious indexing. The automated EBSD 
mapping analysis on predefined sampling grid steps smaller than average quartz/calcite grain size 
(10–30 μm). Although some small step sizes will produce duplicate measurements in some big 
grains, the results are statistically reliable. Grain-size histograms (Fig. 6) and crystallographic 
preferred orientation (CPO) pole figures (Fig. 7) were drawn using the Channel 5 software package 
(Oxford-HKL). For each sample, the [0001] (c axes) crystallographic directions and planes were 
plotted in the rock fabric (XYZ) reference frame (Fig. 7). And, the pole figures are presented in the 
lower hemisphere with equal area stereographic projections and contoured with a half-width of 20° 
using multiple uniform distribution techniques.  
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Fig. 6. Grain-size histograms of dominant microstructures of low-strain (Sample 17TP1–4, 1–5 and 3–1; f, g, i), 
intermediate-strain (17TP1–1, 1–3 and 2–1; a, e, h.) and high-strain (17TP1–2; b) calcite mylonites . N = total 
number of analyzed grains, d = mean grain size, s = standard deviation. The relation between the particle sizes of 
recrystallized quartz grain size versus frequency and deformation mechanisms is preserved in c and d (based on Stipp 
et al., 2010). BLG represents the bulges and recrystallization (280–400 °C), SGR represents the subgrain rotation 
recrystallization (400–500 °C). 

 
Fig. 7. Stereographic equal-area lower hemisphere projection of c (0001) axe of calcite and quartz. Z0 and X0 show 
the sample axes. All pole figures indicate an E-W dextral sense of shear. 
 

 
5.2 EBSD analysis results 

  
The microstructures of the relatively weak deformed calcite mylonites (17TP1–4, 17TP1–5, 17TP3–1) 

are characterized by coarse calcite grains with a grain size around 80–100 μm (Figs. 6f, g and i). The 
grain-size-distribution plot shows two peaks, one well defined at 50 μm and the other less pronounced at 
100 μm (Figs. 6f, g and i). Undulatory extinction and the minor presence of subgrain boundaries indicate 
intracrystalline deformation. Conjugate narrow or tabular twins are observed corresponding to Type I, II 
and Type III twins respectively (Ferrill et al., 2004; Figs. 5g-j, l). In the intermediate-deformed calcite 
mylonites (17TP1–1, 17TP1–3, 17TP2–1), the calcite grains are elongate and show strong intracrystalline 
deformation (Figs. 5a, b, e, f, k). Undulatory extinction and curved twins are common. Locally, sutured 
twin and grain-boundaries can be observed (Figs. 5b, f). Larger calcite grains are surrounded by 
recrystallized grains with a similar size as the subgrains, creating a core-mantle structure (Fig. 5a). The 
average grain size is around 58.70 μm, 53.55 μm, and 59.33 μm (Figs. 6a, e, h). In the relatively strong 
deformed calcite, mylonite (17TP1–2) shows intensely deformed calcite grains that partly contain 
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wedge-shaped twins (Figs. 6c, d). The larger calcite grains are surrounded by recrystallized grains with 
similar average grain size (Fig. 5d). The strong deformation calcite mylonite consists of equigranular 
calcite (Figs. 5c, d). The grain size ranges between 28 μm and 92 μm, with an average of 37.37 μm (Fig. 
6b).  

In all samples, calcite represents 80–90% of the total rock composition, and some samples include 
quartz aggregates (17TP1–1, 17TP1–2, 17TP1–3, 17TP1–5). It is interesting to note that the average 
quartz grain size is around 36.68 μm and 32.09 μm (Figs. 6c, d). The frequency maxima and minima 
correlate with distinct microstructures indicates the dominance of the recrystallization mechanisms of 
bulging (Stipp et al., 2010; Newman, 1994).  

The crystal-plastic deformation of calcite remains active at lower temperatures (T < 300 °C). Therefore, 
the combination of structural data from calcite mylonites can help to understand the entire deformation 
history. Seven orientated calcite-rich samples were selected for combined microstructural and 
crystallographic preferred orientation analysis (Fig. 7). Locations of all samples have been projected in 
Figs. 2-3.   

Both samples show similar c-axis (0001) pole figures (CPO; Fig. 7). The deformed calcite grains show 
a strong point maximum of C axis inclined to the Z-axis of the pole figure and records therefore a 
monoclinic symmetry (Fig. 7a, b, d, f-i) and basal <a> glide. Larger grain size and c-axes distribution 
indicate that quartz recrystallization was dominated by basal <a> gliding (Xu et al., 2009b; Passchier, 
1998; Xia and Liu, 2011; Lafrance et al., 1994; Pieri et al., 2001; Trullenque et al., 2006; Austin et al., 
2014; Barber et al., 2007; Erskine et al., 1993). The asymmetry and obliquity of EBSD fabrics indicate a 
shear direction of the hanging wall towards the E (Fig. 7). All fabrics reflect a deformation environment 
within low-temperatures and indicate that them formed in greenschist-facies condition.   

 

 6 Estimation of Finite Strain and Kinematic Vorticity 

 

Significant ductile shear indicators have been observed in all oriented thin sections, which are parallel 
to the stretching lineation and perpendicular to the foliation (XZ plane) (see above). All these indicators 
can be used to estimate the strain of the ductile shear zone, presented by two-dimensional kinematic 
vorticity and finite strain analysis (Passchier and Simpson, 1986; Passchier and Urai, 1988; Xypolias and 
Doutsos, 2001). All measurements were done on polished hand specimen surfaces parallel to the lineation 
and normal to the foliation (XZ) and normal to lineation and foliation (YZ) (Xypolias and Doutsos, 2001). 

 
6.1 Finite strain measurements 

Selecting a suitable strain marker is the key to strain measurement. In this study, however, most of the 
calcite grains are generally fine-medium and have boundaries and shapes which are very easily 
determined. Therefore, we selected calcite as a strain marker that is larger and easier to measure on a 
polished hand specimen surface. Although the strain intensity recorded by calcites may be less than that 
of the whole rocks, it is suitable to compare strain parameters, such as strain types, intensity, and 
kinematic vorticity, of various rock types in a ductile shear zone, particularly the spatial distribution and 
variation of the strain parameters. 

Two-dimensional strain measurement is generally conducted using Fry’s method and the long-short 
axis method. Fry’s method and the long-short axis method of finite strain measurement are widely used 
due to their superiority (Fry, 1979; Stone et al., 1981; Siddans et al., 1984; Zheng and Wang, 2005). The 
preconditions of finite strain measurement require the mineral grains to be nearly equidimensional and 
randomly oriented with a non-Poisson distribution. The results of the finite strain measurement reflect the 
“full rock strain” (Fry, 1979). When the protolith is a limestone without a pre-existing orientated texture 
and in which the calcite is nearly randomly distributed, the studied rocks can be used for finite strain 
measurement (Wang et al., 2004, 2007; Zheng et al., 2005; Liang et al., 2011, 2017).  

First, two oriented thin sections of the XZ and YZ planes were prepared and microphotographs were 
taken of areas with nearly uniformly distributed mineral grains. For the long-short axis method, the center 
of each calcite grains was marked on the microphotograph using CorelDraw 17. Calcite grains ≥ 50 were 
selected, and their long axis and short axis were measured, the aspect ratio was calculated, and the X/Y 
and Y/Z values were obtained (Table 3). For the Fry’s method, the center of each calcite grains was 
marked on the microphotograph, the center of the microphotograph was chosen as the point of origin for 
reference, and then the point of origin was moved to each center of the grains in turn using CorelDraw 17, 
based on the principles of the Fry’s method. Because the deformed grains are large and the zoom of a 
microscope is limited, about 50 grains for each thin section are generally measured, but the results of the 
measurements are sufficient to deduce the strain. The results are given in Table 3 and are graphically 
shown in Figure 8. 

 
 
 

 

 
This article is protected by copyright. All rights reserved. 



 14 

Table 3. Finite strain results and calculated parameters. 

Sample NO. 

Fry's method Long-short axis method 

RS-X/Z RS-Y/Z RS-X/Y K RS-X/Z RS-Y/Z RS-X/Y K 

17TP1–1 1.61  1.43  1.13  0.33  1.55  1.38  1.12  0.36  

17TP1–2  1.72  1.52  1.14  0.31  1.56  1.43  1.09  0.24  

17TP1–3 1.89  1.66  1.14  0.25  2.00  1.67  1.20  0.35  

17TP1–4 1.77  1.42  1.25  0.64  1.67  1.39  1.20  0.56  

17TP1–5 2.10  1.63  1.28  0.51  1.83  1.48  1.24  0.54  

17TP2–1 1.76  1.42  1.24  0.60  1.75  1.42  1.23  0.60  

17TP3–1 1.90  1.54  1.23  0.48  1.83  1.48  1.24  0.54  

 

 
All the calculated data have been plotted in Figure 8 using the Flinn diagram. The logarithmic Flinn 

diagram is an important differentiation of finite strain types. The finite strain types of deformed rocks are 
uniform, belonging to compression strain, with a K-value (K=ln (X/Y) / ln (Y/Z)) less than 1 with a range 
of 0.24–0.64 (Fig. 8a). All the deformed granitic rocks are characterized by S-L-type tectonites.  

 
Fig. 8. Flinn diagram for the analyzed calcite mylonites. 

 

 

6.2 Estimation of shear strain 
The twin formation leads to a strain hardening effect, where further strain is accommodated by either 

increase in twin thickness or twin density depending on the temperature of deformation (Kollmeier et al., 
2000; Ferrill, 1998; Groshong, 1972; Craddock and van der Pluijm, 1999; Oesterling et al., 2007).  

The number of twin lamellae in a calcite grain is usually expressed in terms of twin intensity (number 
of twin planes/mm). The intensity is estimated by dividing the number of twins in a set by the width of 
the host grain, measured perpendicular to the twins (Fig. 9a, b). The “mean twin intensity” for a sample is 
calculated by averaging the twin-set averages of all twin sets measured in the sample (Fig. 9b). However, 
at temperatures above 200 °C, calcite shows thick twins and low twin intensities (Fig. 9a). Thus, calcite 
twin strain can accumulate by increasing the number of twins (twin intensity), increasing the size of twins 
(i.e., mean twin width, determined by calculating the average of the ratio of the twin width, both the thick 
and thin and the total number of twins in the set) or both. The relationship between shear strain 
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accommodated by a calcite twin set, grain size, and twin width is presented by Groshong (1972) and later 
modified by Ferrill et al. (2004). The relationship is given by:  

γ=Tt2tan(α/2) 
where γ =shear strain; T=twin intensity, t2=mean twin width, and α=angle of rotation of the grain edge 

from the untwinned to the twinned position and is equal to 38.28° (Fig. 9b; Groshong, 1972; Tripathy and 
Saha, 2015; Gonzalez-Casado and García-Cuevas, 2002). 

 
Fig. 9. (a) Relationship between twin width and strain in calcite (after Ferrill, 1998). (b) Shear strain in twinned 
calcite grain (after Groshong, 1972). t1 and t2 are widths of the twin segments; t is the width of the host grain 
perpendicular to the twin plane; α (=38°17′, Tripathy and Saha, 2015) is the angle of rotation of the grain edge from 
the untwined to the twinned position. 

 
About 50 grains were measured in each section, with the following parameters determined for each 

grain: twin lamellae, twin set orientation, twins' average thickness, number of twins and grain width 
(Table 4). 
Table 4. measured hear strain values of calcite mylonites. 

Sample NO. 
Mean grain 

size / μm 

Twin intensity 

 / T (mm–1) 

Mean twin width 

 / t (μm) 
Shear strain / γ=Tt2tan(α/2) 

17TP1–1 58.70  76 6.58  0.17  

17TP1–2 37.37  98 4.17  0.14  

17TP1–3 53.55  79 5.91  0.16  

17TP1–4 100.48  53 12.01  0.22  

17TP1–5 80.15  58 10.11  0.20  

17TP2–1 59.33  71 7.11  0.18  

17TP3–1 78.28  60 9.26  0.19  

 
Most of the calcite grains showed one, two twin sets and a few three sets. The measurements of twins 

were done without any bias toward twin density, number of sets present or thickness of twins. The mean 
grain size of calcite samples varied between 37.37 and 100.48 μm (measured by EBSD; Fig. 6). By their 
appearance, e-twins in the measured calcite samples could be classified as type I to type III twins (Fig. 5), 
suggesting deformation at temperatures around 200–300°C (Burkhard, 1993; Ferrill et al., 2004). The 
mean twin width (t), grain size, twin intensity (T) and the calculated shear strain (γ) were obtained from 
XZ plane. The shear strain values are similar with the rang of 0.14–0.22 (Table 4). It is noteworthy that 
larger grain size is associated with a greater twin width. Similarly, the twin intensity decreases with 
increasing twin width. The plot of grain size vs twin density (twins/mm) shows that the twin density 
decreases with increasing grain size, i.e. twinning is grain-size dependent (Rowe and Rutter, 1990; 
Tripathy and Saha, 2015). 

 

6.3 Kinematic vorticity 
The kinematic vorticity value (Wk) is a dimensionless measure, defined as the non-linear ratio of pure 

shear and simple shear components of the deformation (Means, 1994; De Paor, 1983; Reston, 1990; Forte 
and Bailey, 2007; Passchier, 1987). The shear types of mylonite during its formation can be quantitatively 
described by kinematic vorticity: Wk=cosα, where α is the angle between the eigenvectors or apophyses 
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(Simpson and De Paor, 1993; Means et al., 1980). When the components of simple shear are the same as 
the components of pure shear, the value of Wk is 0.75 (Simpson and De Paor, 1993), above which the 
shear-type is simple-shear dominated general shear, and below which the shear-type is pure-shear 
dominated general shear. 

A number of well-developed techniques and methods have been used to quantitatively assess kinematic 
vorticity in natural shear zones (Passchier and Simpson, 1986; Passchier and Urai, 1988; Simpson and De 
Paor, 1993; Zhang and Zheng, 1997). In this study, we calculated kinematic vorticity based on the 
orientation of recrystallized calcite grains within oblique grain shape fabrics which were used to obtain 
estimates of flow vorticity during mylonitization in the studied shear zones. All vorticity analyses are also 
based on the fact that mylonitic foliation is parallel to the shear plane. Results of our analyses are 
expressed in terms of sectional kinematic vorticity number, Wn, (Passchier and Simpson, 1986; Passchier 
and Urai, 1988) and percentage simple shear values.  

Kinematic vorticity estimates can also be obtained based on the assumption that the orientations of the 
long axes of recrystallized grains are parallel to the direction of the instantaneous stretching axis of flow 
(Wallis, 1995; Spanos et al., 2015; Fig. 10). Lots of experimental studies have demonstrated that 
recrystallized grains within an oblique grain shape fabric, and their long axes in a fixed orientation which 
progressively rotate towards parallelism with the shear plane (Dell'Angelo and Tullis, 1989; Ree, 1991; 
Herwegh and Handy, 1998; Spanos et al., 2015). Notably, this assumption has been extensively used to 
estimate kinematic vorticity in quartz tectonites (e.g., Weijermars, 1991, 1993, 1998; Xypolias and 
Doutsos, 2001; Law et al., 2004; Zheng and Wang, 2005, 2007; Xypolias, 2009; Liang et al., 2015). Thus, 
it is reasonable to extend this approach to the analysis of calcite tectonites since the mechanism of 
formation of oblique foliation is similar to both rock types (Passchier, 1998; Spanos et al., 2015). 
Therefore, we suggest that the greatest recorded angle, δ, between the oblique grain shape fabric and the 
mylonitic foliation or shear plane can be used to estimates the kinematic vorticity (Fig. 10a). This reveals 
that the kinematic vorticity, Wn, can be estimated by applying the relationship Wn = sin (2δ) (Xypolias, 
2010 and references therein). At least 50 orientation measurements of the long axes of grains 
recrystallized oblique to the mylonitic foliation were taken to determine the angle δ in all XZ thin sections 
(see Xypolias et al., 2013 for a similar case in quartz tectonites). As illustrated in Fig. 5, the obtained δ 
angles range between 24° and 42° (Table 5). This yields Wn estimates of 0.41–0.67 (or 27–46% simple 
shear). Kinematic vorticity analysis showed that the simple shear component of ductile shearing ranges 
between 27–46%, which represents or records instantaneous sensitive features of ductile deformation 
during final deformation. 

 
Fig. 10. (a) The long axes of recrystallized calcite grains with an oblique grain shape fabric (Ss) are parallel to the 
instantaneous stretching axis. The angle, δ, is between the Ss and the mylonitic foliation, S, or shear plane. (b) 
Vorticity estimates plotted against the relative structural position of samples. 
 
Table 5. Kinematic vorticity data for the analyzed calcite mylonites. 

Sample NO. δ Vorticity analysis Percent simple shear 

17TP1–1 33.41 0.55  37 

17TP1–2 42.19 0.67  46 

17TP1–3 39.24 0.63  42 

17TP1–4 24.07 0.41  27 

17TP1–5 25.76 0.43  28 

17TP2–1 36.87 0.60  41 

17TP3–1 30.55 0.51  34 
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7 Rheological Parameters 
 
Some experimental studies of dynamically recrystallized grains were carried out to simulate the 

development of natural microstructures in deformed rocks and to understand their formation conditions 
(e.g., Kruhl et al., 1995; Kruhl, 1996; Kruhl and Nega, 1996; Takahashi et al., 1998; Boutonnet et al., 
2013; Wang et al., 2011; Zhang et al., 2006; Austin and Evans, 2007; Burkhard, 1993; Parlangeau et al., 
2018), such as temperatures, differential stresses and paleo-strain rates.   

Differential stresses are calculated with the paleopiezometer of Twsis (1977): σ=750*d
–0.68

, where d is 
from the EBSD analysis (Fig. 6). Paleo-strain rates are one key to understand deformation processes in 
the ductile shear zone. Insofar as steady-state, intracrystalline plasticity mechanisms are involved, the 
most suitable form of flow law for extrapolation is generally agreed to be: ε = Aσ

n
exp (–Q/RT), (e.g., 

Poirier, 1985; Hacker et al, 1990; Paterson and Luan, 1990; Hirth et al., 2001; Rutter and Rullis, 2004a, b; 
Boutonnet et al., 2013; Laurent et al., 2000), where ε is the paleo-strain rate (s

–1
), σ is the differential 

stress (MPa), A is experiment parameter (MPa
–1

s
–1

); Q is activation energy (Jmol
–1

); T is temperature (K); 
ideal gas constant R= 8.314JK

–1
mol

–1
; n is stress exponent. Based on paleopiezometer of Heard and 

Raleich (1972), A=6×10
–18

; Q=62000; n=8.3.  
Mineral deformation behaviors, c-axis EBSD fabrics and quartz grain size-frequency diagrams 

demonstrate that the ductile shear zone developed under greenschist-facies conditions, with deformation 
temperatures ranging from 200 to 300 °C, and dislocation creep as the main deformation mechanism 
(more details see above and discussion). We constructed paleo-strain rates with differential stress 
according to Twsis (1977) at temperatures of 200 °C and 300 °C (Table 6).  

The average size is in the range of 37.37 to 100.48 μm, with differential stress ranging between 32.63 
and 63.94 MPa using the equations of Twiss (1977). For strain rate estimates, there are no great 
differences between the two groups of differential stresses (Table 6). At 200 °C deformation conditions, 
the paleo-strain rate estimates using flow law are in the range of 8.62×10

–10
 to 3.24×10

–12
 S

–1
. At 300 °C 

deformation conditions, paleo-strain rates are in the range of 1.33×10
–8

 to 5.02×10
–11

 S
–1

, for further 
interpretations see below. 
 
Table 6. Estimates of differential stresses (MPa) and paleo-stain rates (s–1). 

Sample NO. T / °C 
Mean grain size d 

/ μm 

σ/MPa ε=Aσnexp[–Q/RT] 

Twsis, 1977 

σ=750D–0.68 

Heard and Raicigh, 

1972 

17TP1–1 
200 

58.7 47.03  
6.73755E–11 

300 1.04272E–09 

17TP1–2 
200 

37.37 63.94  
8.61738E–10 

300 1.33365E–08 

17TP1–3 
200 

53.55 50.06  
1.1313E–10 

300 1.75082E–09 

17TP1–4 
200 

100.48 32.63  
3.24308E–12 

300 5.01907E–11 

17TP1–5 
200 

80.15 38.05  
1.16162E–11 

300 1.79775E–10 

17TP2–1 
200 

59.33 46.69  
6.34359E–11 

300 9.81749E–10 

17TP3–1 
200 

78.28 38.67  
1.32718E–11 

300 2.05398E–10 

 
 

8 Discussion and Interpretation 
 
Our structural, textural investigations presented above to allow us to discuss the characteristics and 

deformation mechanism of calcite mylonites in the Xar Moron-Changchun dextral shear zone and its 
implication for the Triassic tectonic evolution of Northeastern China. 

 
8.1 Deformation characteristics and temperature 
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All the rocks seem to have undergone deformation under conditions of relative weak deformation. 
Irregular twin boundaries due to twin boundary migration reflect deformation at a temperature well 
around 200 to 300°C (Burkhard, 1993). The asymmetric (σ-structure) calcite/quartz grains or aggregates 
with wedge-shaped appendages correspond to a top-to-E shear direction shearing during crystal plastic 
deformation (Fig. 5a). The 2-dimensional analysis of the calcite grain shape fabric, finite strain 
measurements and the calcite CPO reveal a monoclinic fabric symmetry which provides evidence for 
dominant non-coaxial deformation in the twinning regime (Schmid et al., 1980; Wenk et al., 1987; 
Borradaileand McArthur, 1990). The complete CPOs have a single strong c-axis maximum around Z-axis. 
The obliquities of these c-axis girdles (with different orientation with respect to the XZ-plane, Fig. 7) also 
can be related to a specific right-lateral sense of shear. This process is promoted by pervasive dynamic 
recrystallization (Schmid and Casey, 1986; Michel et al., 2006) with the dominant basal slip system (Fig. 
7; Schmid et al., 1987; De Bresser, 1991, 1996; Rogowitz et al., 2016) in a non-coaxial deformation 
regime with a bulk pure shear-dominated general shear.  

It seems probable that the entire calcite mylonite has undergone a component of uplift which led to 
subhorizontal lifting in an already compressional deformation regime. The strain concentration resulted in 
the localization of deformation in narrow zones. The S-L-calcite tectonites within the shear zone are 
probably recording non-coaxial general shearing during this compressional tectonics under 
greenschist-facies conditions, with the range of deformation temperatures from 200 to 300°C. If we take 
the average geothermal gradient of 33 °C/ km (average geothermal gradient of the world's continents), it 
can be roughly inferred that the fine-grained calcite mylonites deformed at shallow crustal depths on the 
order of 6–9 km. 

 
8.2 Calcite deformation mechanisms 

The observed undulose extinction indicates the presence of geometrically necessary dislocations which 
may cause the development of a CPO (Hirth and Tullis, 1992) which is consistent with dominant basal 
<a> slip (Barber et al., 2007; De Bresser and Spiers, 1993, 1997). Although dissolution precipitation 
creep and stress-directed grain growth may also lead to the formation of a weak CPO (Bons and den Brok, 
2000; Ebert et al., 2007), these processes are not considered to be responsible for the observed CPO 
because crystal-plastic deformation can be directly linked with undulose extinction and presence of 
subgrains. Temperatures above 200°C, which have most likely prevailed in the investigated rocks, already 
activate dynamic recrystallization in calcite (Herwegh and Pfiffner, 2005; Kennedy and White, 2001; 
Delle Piane et al., 2008, 2009). These strong deformation zones are characterized by (1) core mantle 
structure where host grains are surrounded by some small recrystallized grains, (2) an extremely small 
grain size, (3) grain boundary triple junctions with nearly 120 angles (Figs. 5k, l). Dynamic 
recrystallization (BLG, bulging recrystallization; SGR, subgrain rotation recrystallization) and the 
accompanying intracrystalline deformation mechanisms led to grain size reduction and strain localization 
(White, 1979; Barnhoorn et al., 2004; Blenkinsop, 1991; Craddock and van der Pluijm, 1999; De Bresser 
et al., 2001; Rocher et al., 2004; Schmalholz and Duretz, 2017). Strong undulose extinction suggests 
intense intracrystalline deformation within the coarse grains. These subgrains of host grains and 
surrounding recrystallized grains, slightly curved grain boundaries are probably results of intracrystalline 
deformation and dynamic recrystallization implying that the deformation took place within the 
dislocation-creep regime (Bestmann et al., 2000; Wheeler et al., 2001; Casey et al., 1998; Ellis and 
Stöckhert, 2004; Holyoke et al., 2013).  

 These predictions about deformation strain rates and differential stresses are in agreement with a 
deformation temperature approximately 200–300°C. The calculated paleo-strain rates are between 10

–7.87
 

s
–1

 and 10
–11.49

 s
–1 

with differential stresses of 32.63–63.94 MPa (Table 6). At least, the differential stress 
and strain rate conditions can be enough to represent the lower limit of the deformation conditions. The 
calculated strain rate lies at the higher bound of typical strain rates in shear zones at crustal levels 
(Pfiffner and Ramsay, 1982; Lacombe, 2007; Okudaira and Shigematsu, 2012; Ulrich et al., 2002) may 
indicate a relatively rapid deformation. This ductile shearing at the location of maximal deformation may 
have been caused by twinning, intracrystalline slip, basal <a> slip systems accompanied by the dynamic 
recrystallization of SGR and BLG within the dislocation-creep regime.  

 
8.3 Deformation ages along the Xar Moron-Changchun dextral shear zone 

The timing of the final closure of the Paleo-Asian Ocean along the Solonker-Xar 
Moron-Changchun-Yanji suture has been a controversial issue and the various proposals including Middle 
Devonian to Late Carboniferous or earlier (Tang, 1990; Zhao et al., 2013; Xu et al., 2013, 2015; Chen et 
al., 2016, 2017), late Early Permian (Feng et al., 2010), or Middle Mesozoic (Nozaka and Liu, 2002). 
However, abundant new geological, paleobiogeography, lithofacies paleogeography, geochronological, 
geochemical and paleomagnetic data that have been obtained over the past decades have provided 
convincing evidence that the final closure of the Paleo-Asian Ocean occurred during the Late 
Permian-Early or Middle Triassic in a scissor-like style eastwards (Sengör et al., 1993; Xiao et al., 2003, 
2015; Sun et al., 2004; Li, 2006; Wu et al., 2007, 2011; Cao et al., 2012, 2013; Eizenhöfer et al., 2014; 
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Han et al., 2016, 2017; Wang et al., 2015; Du et al., 2017; Li et al., 2014, 2015, 2017; Wang et al., 2017; 
Zhou et al., 2018; Liu et al., 2017; Guan et al., 2019; JBGMR, 1988, 1997; Jian et al., 2008). Assuming 
that the Changchun-Yanji suture is the eastern extension of the Solonker-Xar Moron-Changchun suture, 
preserved relics of the suture should exist in the Changchun area. 

Along the Xar Moron-Changchun-Yanji suture, the ductile strike-slip shearing can be observed in all 
pre-Jurassic units within the fault zone. Triassic granites along the Xar Moron Changchun-Yanji Fault 
yielded zircon U-Pb ages of 237–229 Ma and displayed the same shearing deformation with obvious E-W 
striking foliation and sub-horizontal lineation (Li et al., 2007; Li et al., 2014), implying that emplacement 
of this syn-kinematic pluton was related to the strike-slip shearing (Zhao et al., 2015). Lots of A-type 
granites which implying a post-collision intraplate tectonic setting also have been found in Late Triassic 
as an EW trending (e.g., Han et al., 2015, 2017; Song et al., 2018; Zhang and Zhai, 2010). Moreover, 
several muscovite 

40
Ar/

39
Ar ages from mylonite and granitic gneiss along the Xar Moron-Changchun 

Fault have been published with consistent ages of 209–221 Ma (Ma, 2009; Zhao et al., 2015; Zhang et al., 
2009a, b, 2010). Lastly, undeformed Early Cretaceous granites intrude the older rocks along the fault zone, 
especially the O-S rocks and the Late Permian series (Fig. 2, 3; Wu et al., 2005). These 
thermochronologic results successfully constrain the strike-slip movement most likely in the Late 
Triassic.  

 
8.4 Constraints of dextral strike-slip shearing 

After the end of the CAOB formation that resulted in the amalgamation and compression of the NCC, 
Tarim Craton, SIB and several intervening microcontinents, intra-continental strike-slip faults are the 
prominent tectonic features of Central-Eastern Asia during the Early Mesozoic (Lamb et al., 1999; 
Johnson, 2004; Webb and Johnson, 2006; Webb et al., 2010; Zhao et al., 2013, 2015; Zhai et al., 2004; 
Zhang et al., 2013; Heumann et al., 2014). The strike-slip faults can be ascribed to the consequence of 
several tectonic events, such as the southward subduction of the Mongol-Okhotsk Ocean (Meng, 2003; 
Zorin, 1999; Enkin et al., 1992; Cogné et al., 2005; Liang et al., 2019), the northwestern subduction of 
Paleo-Pacific plate (Wang et al., 2013; Li et al., 2019), and the far-field effects of the north-directed 
continental subduction between the NCC-South China Block (SCB) (Rowley et al., 1997; Liu et al., 2006; 
Meng and Zhang, 1999; Zhang et al., 2013).  

Considering these compressional events at the northern NCC and southern margins of 
Xing'an-Mongolian Orogenic Belt (XMOB), we deduce that this region was under an NNW-SSE 
compressional and shortening regime (Zhao et al., 2015). The E-W trending dextral strike-slip Xar 
Moron-Changchun shear zone, which was coeval with magmatic intrusions (Zhang et al., 2012; Wang et 
al., 2013), formed just in this shortening regime. The main activity age has been constrained to the Late 
Triassic (Zhang et al., 2002; Ma, 2009; Wang et al., 2013; Zhao et al., 2015). This E-W large-scale 
strike-slip movement is a consequence of the eastward extrusion of the of XMOB (Zhao et al., 2015), and 
results from far-field forces associated with Late Triassic convergence domain (Zhao et al., 2015). This 
large-scale compression might result in the rapid uplift and exhumation of the calcite mylonites, and later 
stage brittle fractures in this area. 

 
9. Conclusions 

In summary, the following conclusions can be drawn from the results of the analysis of structures, 
microfabrics, EBSD fabrics and paleopiezometry of the Xar Moron-Changchun dextral shear zone:  

(1) Mineral deformation behavior, twin morphology, C-axis EBSD fabrics and quartz grain 
size-frequency diagrams demonstrate that the Moron-Changchun ductile shear zone was developed under 
conditions of the greenschist facies, with the range of deformation temperatures from 200 to 300 °C. 
These subgrains of host grains and surrounding recrystallized grains, strong undulose extinction, slightly 
curved grain boundaries are probably results of intracrystalline deformation and dynamic recrystallization 
implying that the deformation took place within the dislocation-creep regime at shallow crustal levels. 

(2) The asymmetric (σ-structure) calcite/quartz grains or aggregates, asymmetry of calcite c-axes fabric 
diagrams and the oblique foliation of recrystallized calcite grains correspond to a top-to-E shearing during 
crystal plastic deformation. The calculated paleo-strain rates are between 10

–7.87
 s

–1
 and 10

–11.49
 s

–1 
with 

differential stresses of 32.63–63.94 MPa lying at the higher bound of typical strain rates in shear zones at 
crustal levels, and may be indicating a relatively rapid deformation. The S-L-calcite tectonites have 
undergone a component of uplift which led to subhorizontal lifting in an already non-coaxial 
compressional deformation regime with a bulk pure shear-dominated general shear.  

(3) This E-W large-scale dextral strike-slip movement is a consequence of the eastward extrusion of the 
XMOB which results from far-field forces associated with Late Triassic convergence domain after the 
final closure of the Paleo-Asian Ocean. 
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