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Active faults with potential earthquake magnitude of 6–7 are often incorrectly identified as non-Holocene active faults by traditional geological methods because their co-seismic displacements were very small or even did not reach to surface, and are defined as minor-surface-rupture faults. Geological studies associated with the 2013 Lushan Ms 7.0 earthquake show that the Dachuan–Shuangshi fault (DSF) in the southern segment of the Longmenshan fault zone (LFZ) is a minor-surface-rupture fault. This study focuses on the microstructure and mineral composition of the fault gouge in the DSF using optical microscopy, a scanning electron microscope (SEM), and X-ray diffraction (XRD) methods; then, we compare our results with the previous achievements in the Beichuan–Yingxiu fault (BYF), a major seismogenic fault of the 2008 Wenchuan earthquake, in the middle–northern segment of the LFZ. The results show that the microscopic characteristics of the fault gouge of the DSF are obviously different from those of the BYF in the following aspects: 1) the thickness of the fault gouge produced by one fault event is less than 5 mm; 2) under the microscope, no obvious micro-cracks were examined in surrounding rocks around the fault gouge, and discontinuous micro-cracks and untypical S-C fabrics in the fault gouge were observed; 3) under the SEM, reworked fragments were rare in the fault gouge; 4) the XRD mineral analysis reveals that the total clay content is less than 50%, the content of kaolinite is obviously higher than that of clinochlore, and the content of illite/smectite mixed layer is less than 30%. A contrastive analysis reveals the differences between the microscopic features of the fault gouge of the DSF and the BYF, which are systematical. Therefore, the abovementioned microscopic characteristics identified from the fault gouge in the DSF may be used as auxiliary indicators to identify minor-surface-rupture faults.
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INTRODUCTION
The offsetting and overlying relationship between faults and Late Quaternary strata is the most immediate evidence to identify the age of fault activity. According to the present achievement, the fault that does not offset the Late Pleistocene or Holocene strata is unlikely to trigger earthquakes with surface ruptures in the future. Although some faults could offset the surface, their co-seismic displacements are very small, only a few centimeters to a few tens of centimeters, and the remains can easily be eroded, and hardly be preserved and identified in the geological record. For example, the 2013 Lushan Ms 7.0 earthquake that occurred along the southern segment of the Longmenshan fault zone (LFZ) did not produce obvious surface rupture (Li C. et al., 2013; Xu et al., 2013a; Xu et al., 2013b; Lei et al., 2014). Such type of active faults is classified as minor-surface-rupture active fault (Chen et al., 2013a), and by traditional geological methods, they are easily identified as non-Holocene active faults, which leads to the neglect of the future strong earthquake risk along these faults.
The fault gouge is the direct lithological product of the fault activity and is formed via relatively complex physical and chemical processes related to the low-grade metamorphism that accompanies fault slip (Bos et al., 2000). Thus, the microstructure of the gouge contains information on the fault slip and behavior as well as the nature of the physical and chemical environment during faulting (Reinen, 2000; Zhang et al., 2002; Yuan et al., 2013). Although, so far, no explicit relationship between the microstructures of the fault gouge and the intensity of seismic activity has been reported, we can still find some implications and study cases from the observation of the fault gouge microstructures of the known minor-surface-rupture active faults and the comparison with those of intense active faults.
Geological observations show that the seismic activity of the southern segment of the LFZ is obviously weaker than that of the middle–northern segments, and the Dachuan–Shuangshi Fault (DSF), the unique fault in the southern segment with evidence of Holocene offset, is considered as a minor-surface-rupture fault (Yang et al., 1999; Densmore et al., 2007; Chen et al., 2013b; Wang et al., 2013; Chen et al., 2014; Dong et al., 2017). We have found fault gouges from the outcrop and drill holes along the DSF. Furthermore, the 2008 Wenchuan Ms 8.0 earthquake that occurred along the middle–northern segments of the LFZ produced significant surface-rupture zones with a total length of more than 300 km (Figure 1B) (Xu et al., 2009). An abundance of gouges was observed at the surface ruptures, and the microstructures of these gouges have recently been investigated (Fu et al., 2008; Han et al., 2010; Yuan et al., 2013; Yuan et al., 2014). In particular, the “Wenchuan Earthquake Fault Scientific Drilling” (WFSD) project collected a large volume of fault gouge samples from borehole cores, again providing valuable microstructural information (Li H. et al., 2013; Si et al., 2014; Wang et al., 2014; Chen et al., 2016; Liu et al., 2016).
[image: Figure 1]FIGURE 1 | Map showing (A) the location of the study area in Southwest China, along with the tectonic setting and major earthquake (M ≥ 7) epicenters in the Tibetan Plateau (arrows denote movement directions of active blocks), (B) segmentation of the Longmenshan fault zone (LFZ) and other faults; N. LFZ, M. LFZ, and S. LFZ denote the northern, middle, and southern segments of the LFZ, respectively. Fault names: XKDF: Xinkaidian, SYF: Shiyang, DSF: Dachuan-Shuangshi, YWF: Yanjing–Wulong, LGF: Longdong–Gengda, GJF: Guanxian–Jiangyou, BYF: Beichuan–Yingxiu, WMF: Wenchuan–Maoxian, and QCF: Qingchuan. Green and yellow stars denote the fault gouge sampling sites from this study and previous research, respectively, XH: Xiaohe, DC: Dachuan, WFSD-1: Wenchuan Earthquake Fault Scientific Drilling Hole-1 (Li H. et al., 2013; Si et al., 2014; Wang H. et al., 2014; Chen et al., 2016; Liu et al., 2016), GR: Golden River (Duan et al., 2016), SB: Shaba (Yuan et al., 2013), and NB: Nanba (Han et al., 2010).
This study presents an analysis of the microstructure and mineral composition of the fault gouge samples collected along the DSF in the southern segment of the LFZ. We compared our results with results from the middle–northern segments of the LFZ to provide evidence and study case regarding differences between less-intense and intense active fault, and then benefit for identifying the minor-surface-rupture by the fault gouge microanalysis.
LATE QUATERNARY SURFACE ACTIVITY OF THE SOUTHERN SEGMENT OF THE LFZ
The LFZ is over 500 km long and forms the eastern boundary of the Bayan Har Block in the Tibetan Plateau. In general, the fault zone is divided into the southern, middle, and northern segments, bounded by the Yingxiu town of Wenchuan County and Beichuan County (Figure 1B). The fault zone is 30–50 km wide, with an overall trend of NE 30°, and dips toward the NW at 50–80°. The fault zone consists of several imbricate thrust faults with strike-slip components that are roughly parallel and known as the back-range, central, fore-range, and range-front (buried) faults (Zhang et al., 2008). The geometry of the LFZ is relatively simple in the middle–northern segments, but branches into a series of roughly parallel fault sets toward the south. Here, the fault zone intersects other NW-trending faults near the Baoxing County and further diverges to the NW and SE, with the width increased to about 80 km (Figure 1B) (Chen et al., 2013b; Chen et al., 2014).
The geomorphological analysis suggests that differential uplift in the southern segment of the LFZ is noticeably weaker than that in the middle–northern segments (Gao et al., 2016). The southern segment consists of moderately elevated mountains, with few Quaternary basins. Structurally, this area consists of a series of subparallel NE-striking faults and arc-like thrusts, which can be recognized from local linear features in satellite imagery. In the southern segment of the back-range fault, also referred to as the Gengda–Longdong Fault, there is no evidence of the Late Quaternary activity. Geological surveys have shown that the southern segment of the central fault (the Yanjing–Wulong Fault) may have been active in the early part of the Late Pleistocene (Chen et al., 2013b). The range-front fault is mostly buried in the southern segment, and no geological profile showing offsets of Late Pleistocene–Holocene lithologies was found. However, traces of active folds do appear, and they are inferred to represent a buried fault system active since the Late Pleistocene that does not reach the surface (Xu et al., 2013b; Dong et al., 2017).
The southern segment of the aforementioned fore-range fault is dominated by thrusting and is known as the DSF. The fault extends from the northeast of Dayi County in the north to the southwest of Tianquan County in the south, with a length of over 115 km, trending at NE 40° and dipping toward the NW (Figure 2). Several trenches along the DSF show that it has offset Holocene strata, with a co-seismic vertical displacement of ∼0.3 m, and with unclear fault planes. Therefore, the DSF is classified as a minor-surface-rupture fault (Densmore et al., 2007; Chen et al., 2013b; Chen et al., 2014; Dong et al., 2017).
[image: Figure 2]FIGURE 2 | Map showing the topographic distribution of the southern segment of the LFZ and earthquake epicenters (M ≥ 2.0). The blue circles denote events before the 2008 Wenchuan earthquake, red circles denote events after the 2008 Wenchuan earthquake but before the 2013 Lushan earthquake, and yellow circles denote relocated aftershocks of the 2013 Lushan earthquake. Fault names: XKDF: Xinkaidian and SYF: Shiyang (see Figure 1 for other symbolic meanings).
MICROSTRUCTURE AND MINERALOGICAL COMPOSITION OF FAULT GOUGE IN THE DSF
Sampling and Methods
The DSF, the unique fault with evidence of the Holocene offset in the southern segment of the LFZ, extends through the township of Dachuan, Lushan County. Based on previous seismic surveys, six boreholes (DC1–DC6) were drilled at this site (site DC in Figures 1B, 2). As shown in Figure 3, boreholes DC4, DC5, and DC6, located on the hanging wall of the fault, penetrate the fault plane and reveal two fractured sections. Borehole DC4 (30.4876°N, 103.1023°E) reveals a fault fracture zone at depths of 41.8–75.5 m, consisting predominantly of cataclastic sandstone or conglomerate and cataclasite rock, with a soft fault gouge of 1 cm thickness at a depth of 60.3 m that is gray-white in color and dips at 60°. Another fracture zone with evidence of compressional and folded deformation is observed at depths of 90.7–97.7 m. In borehole DC5 (30.4891°N, 103.1029°E), the two fractured sections are at depths of 98.2–99.5 m and 103.6–108.0 m, respectively. Oriented rock fragments and cataclastic, lens-like, and schistose fabrics were observed in the two fractured zones, which dip up to 70°. Borehole DC6 (30.4901°N, 103.1038°E) revealed one fractured section at a depth of 91.9–96.6 m and another at 103.0–104.5 m. The uppermost section also contains noticeable cataclasis, lenses, and schistosities, with clear compression surfaces and a thin fault gouge that dips at 65–70°. The lower section is characterized by coal beds with folds. Fault gouge samples were collected from these two sections, as shown in Figure 3 and Table 1.
[image: Figure 3]FIGURE 3 | (A) Geological map showing the borehole positions (green dots) at the Dachuan site (DC in Figure 1B and Figure 2) relative to the DSF. (B–D) Core logs of boreholes DC4, DC6, and DC5. Legends: 1: artificial soil fill, 2: boulder, 3: gravel intercalated with clay, 4: sandy gravel, 5: sand bed, 6: sandstone, 7: fine sandstone, 8: silty sandstone, 9: active fault belt, 10: old fault fracture belt, and 11: sampling site and number. (E) Photographs of core samples with red arrows showing locations of localized, soft, and thin fault gouge in fractured zones.
TABLE 1 | Descriptions of fault gouge samples from the DSF.
[image: Table 1]A very clear fracture zone is also evident in the DSF on a slope west of Xiaohe town, Tianquan County. At an abandoned limestone quarry pit (site XH in Figure 1B, 2; 30.1079°N, 102.7243°E), the fracture zone is composed of a fault gouge, fault breccia, cataclasites, and folds. The fault gouge is loose with slightly variable thickness (20–50 cm) at different locations, and the fault is exposed at the surface, which implies an activity in the Late Quaternary; the exposed fault trace dips toward 300° at 65–75°. The hanging wall consists of Lower Permian limestone, and the footwall consists of Upper Permian basalt. Samples of this fault belt were collected (Figure 4; Table 1).
[image: Figure 4]FIGURE 4 | (A) Photograph of the Xiaohe site (location shown in Figure 1B) with the fault trace denoted by red arrows. P1: Lower Permian limestone and P2β: Upper Permian basalt. The sampled area is shown by the yellow box, which is enlarged in (B) and contains the fault gouge sample sites XH1–XH6 (yellow triangles). (C) Interpretation of the fault belt. ① Cataclasite at the hanging wall, ② gray-white fault gouge, ③ gray-black fault breccia, ④ ferruginous vein, ⑤ yellow breccia, and ⑥ cataclasite at the footwall.
Fault gouge samples were processed according to the method adopted by Tanaka et al. (2001). Each sample was carved into four slabs (for preservation, mineralogical sampling, hand specimens, and thin sections). The thin sections of the core samples from the Dachuan site were made by cutting parallel to the long axis of the core and perpendicular to the fault plane. For the outcrop samples from the Xiaohe site, the cuts were made perpendicular to the strike and plane of the fault. Then the thin sections were examined by optical microscopy (Figures 5–7), with selected samples analyzed by a scanning electron microscope (SEM) (Figure 8).
[image: Figure 5]FIGURE 5 | Photographs of sample DC4-1 and DC4-2. (A) Core sample containing fault gouges X2, X3, and X4. W1 and W2 denote the country rock (sandstone and mudstone, respectively) on either side of the gouge. (B) Stereoscopic image showing the fine textures of the fault gouge samples X2, X3, and X4. (C,D) Photomicrograph of country rock W1 and W2, respectively, showing the lack of deformation. (E–G) Photomicrographs of sample DC4-1. (H,I) Photomicrographs of sample DC4-2. Arrows show discontinuous fracture cleavage or fissures.
[image: Figure 6]FIGURE 6 | Photomicrographs of samples DC5-1 (A–C), DC5-2 (D–F), DC6-1 (G–J), and DC6-2 (K,L). S and C denote quasi-S-C fabrics, and arrows indicate cracks or fracture cleavage. Yellow dashed lines mark reworked clasts.
[image: Figure 7]FIGURE 7 | Typical photomicrographs of samples from the Xiaohe site showing details of the microstructures. (A) XH1. (B) XH2. (C–E) XH3. (F–J) XH4. (K) XH5. (L) XH6. Arrows denote individual straight cracks and the localized deformation zones delimited by them.
[image: Figure 8]FIGURE 8 | Scanning electron microscope (SEM) images of the fault gouge samples DC4-1 (A–C) and XH4 (D–F). Qz, quartz; Ilm, ilmenite; Cal, calcite; Mc, microcline; and Py, pyrite. Yellow dashed lines mark reworked clasts.
To investigate the mineralogical composition of the fault gouges, X-ray diffraction (XRD) was used in this study. XRD analyses for the bulk-rock relative mineral content and semi-quantitative analyses for clay minerals were performed with a Dmax X-ray powder diffractometer (12 kW, 45 kV, and 100 mA) at the Beijing Micro Structure Analytical Laboratory at Peking University Science Park. Unoriented powder bulk samples were scanned with 2θ ranging from 3° to 45° with a step size of 0.02° by CuK-α radiation (0.15418 nm) and a scan rate of 2°/min. The relative amount of bulk clays in the bulk powder sample was evaluated, the proportions of which were further determined by analyzing the centrifugation-separated clay-sized portion (b2 μm). The clay-water slurry was air-dried on glass slides, and ethylene glycol was added to detect swelling components. Then the samples were heated to 550°C to distinguish kaolinite from chlorite.
Microstructural Observations
Dachuan Borehole Site
Sample DC4-1
Photographs taken under a stereoscope show that the fault gouge between the two walls of the fault (sandstone W1 and mudstone W2) occurs in three different colors: gray-black (X2), gray (X3), and light-gray (X4). The gouge zone is 2.5 cm thick, of which X2, X3, and X4 are 0.5–1.0, ∼10, and ∼15 mm, respectively (Figures 5A,B). Under an optical microscope, no obvious microscopic deformation structures were observed in walls W1 and W2 (Figures 5C,D). In fault gouges X2, X3, and X4, there were a series of subparallel and discontinuous fracture cleavages; of these, the scale and intensity in gouge X2 were greatest, followed by X3 and then X4. Inside these fault gouges, pores and fissures likely related to fluid migration were observed, and some pores developed in the solution seams (Figures 5E–G). Under the SEM, the boundary between the fault gouge and the sandstone cataclasite was obvious. The fragments, appearing principally as long angular strips, were mainly quartz grains with rare ilmenite and microcline. In the sandstone cataclasite, the debris was mostly larger than 20 μm and not arranged, and no second deformation or fracture was observed. On the boundary between cataclasite and the gouge, the particles were significantly reduced and generally smaller than 15 μm, the amount of clay increased, and the fragments were oriented and mostly clean and intact, with tiny amounts of clasts seen as reworked micro-cracks, or fragments (Figures 8A,B). Inside the gouge, particles larger than 15 m were rare, fine grains were oriented (Figure 8B), and micro- to nanometer-sized grains were observed (Figure 8C).
Sample DC4-2
This sample contains black and light-gray fault gouges with stripe-like features and clear edges. The parent rock of the black gouge is coal, and that of the light-gray gouge is mudstone. A series of discontinuous cracks are present in the light-gray fault gouge, parallel to the long-axis of the drill core (arrows in Figures 5H,I). Cracks healed by calcite can be occasionally observed along the fault (Figure 5H).
Sample DC5-1
The fault gouge in DC5-1 contains en echelon fold structures, which are presumably formed under compression, and a quasi-S-C fabric (letters “S” and “C” in Figure 6A). This sample also contains discontinuous fracture cleavage (arrows in Figure 6B) and straight, fine striations (arrows in Figure 6C). As shown in Figure 6D, the debris and mineral fragments between the mudstone and fine sandstone show a strong orientation, indicating the sharply defined fault contact. Structural deformation is concentrated in the mudstone on the left, with two periods of activity being evident (arrows F1 and F2 in Figure 6D); F2 is cut by F1 at an inclination of ∼30°. In addition, pressure solution seams can be observed locally in this sample (Figure 6A).
Sample DC5-2
This fault gouge also has an irregular, striped appearance with quasi-S-C fabrics (letters “S” and “C” in Figure 6E). Some of this S-C fabric folded during a compression event (Figure 6F).
Sample DC6-1
This gouge comprises two main colors, gray-black and light gray, and also displays a striped appearance. This feature is indicative of the newer fault trace, which is distinct and straight, at the interface of the two sets of gouge (Figure 6G). In the gray-black gouge, there are many subparallel fracture cleavages (arrows in Figure 6G), which transect the black stripes and intersect the newer fault plane at an angle of ∼18°. In the light gray gouge, there are some mortar textures, with the long axis being subparallel to the fault plane (Figure 6H). Both sets of the fault gouge contain cracks, of which the density in the light gray gouge is higher than that in the gray-black gouge (Figures 6I,J).
Sample DC6-2
This sample comprises the fault gouge formed in mudstone and is light gray in color. Simple deformation is evident, with subparallel but discontinuous fracture cleavage (Figure 6K) or dense subparallel fissures (Figure 6L).
Xiaohe Outcrop Site
Sample XH1
Microscopic observation of this gouge reveals only minor cataclasis of mineral grains, with no preferred orientation or arrangement of long axes visible (Figure 7A).
Sample XH2
This gouge contains relatively long but irregular and unfilled cracks that transect sheet-like mineral grains locally (Figure 7B).
Sample XH3
This sample contains numerous sets of cracks and foliations (Figures 7C–7E), the broadest of which are filled with calcites, thus forming vein-like textures. The cracks are mostly disordered and v are not individually pervasive. Only two cracks (arrows in Figure 7C) are relatively straight, but are not very long, and bound by a domino-like structure consisting of rock fragments. The two sets of cracks mentioned before constitute a quasi-S-C fabric. In addition, it was observed that preexisting foliations were deformed by later cleavage in which mineral grains were oriented, with disorderly mineral arrangement at the intersection of the two foliations (Figure 7D). Pores and healed fissures related to fluid migration were observed (Figures 7C–E).
Sample XH4
Under an optical microscope, this sample has a much denser distribution of foliations and cracks than sample XH3. In addition, porphyroclasts, cataclastic minerals, and porphyrotopes are present in the microstructure. Figure 7F shows a zone of crack concentration that is limited by two straight cracks, outside of which several oblique fissures form a quasi-S-C fabric in conjunction with the principal foliations. As shown in Figure 7G, there are rock fragments bounded by two straight cracks, which overall constitutes a domino-like fabric. These cracks intersect the principal foliations at low angles with evidence of cataclastic mineral grains (Figure 7H). Figure 7I displays numerous foliations and quasi-S-C fabrics in which debris is delimited by two straight cracks, forming an oriented domino-like fabric. In addition, some fragments are reworked and show fractures or micro-cracks. As shown in Figure 7J, the preexisting foliations are transected by quite broad younger cracks that contain replacement filling of calcite and intersect the foliations at high angles. Pores and fissures possibly related to fluid migration can be observed in this gouge, and pores are occasionally developed in the healed fissures (Figures 7F–I). According to the SEM observation, the fragments in sample XH4 are mainly composed of calcite, quartz, and pyrite, and the directional arrangement and reworked deformation or fragmentation are obvious. Calcite grains, which are most abundant, are large and mainly vein-shaped. Compared with the calcite, the quartz and pyrite particles are smaller (generally <20 μm), subangular, and irregular in shape. The phenomenon of clasts being wrapped by clay is apparent, and micro- to nanometer-sized grains could be observed (Figures 8D–F).
Sample XH5
This sample also contains preexisting foliations transected by later cracks, along with cataclastic rocks, and relatively straight but branching cracks (Figure 7K).
Sample XH6
Almost no deformation is visible in the microstructure of this sample, but several fissures or some cataclasites are evident (Figure 7L).
Overall, the country rock samples from the Xiaohe site display very little deformation in their microstructure, while inside the fault gouge, sample XH4, collected from near the center of the fault, shows relatively abundant deformation concentration.
Mineralogical Results From XRD Analyses
XRD mineralogical analyses were performed on the fault gouge from core sample DC4-1 and outcrop sample XH4, based on the abovementioned microstructural observation results.
As shown in Figure 9 and Table 2, the mineralogical analysis identified quartz and clays as the major minerals, which reach contents of 49% and 44%, respectively, for the fault gouge of sample DC4-1. In addition, small amounts of albite and microcline were detected. The clay in sample DC4-1 is composed of illite, and mixed layers of illite/smectite, kaolinite, and clinochlore, and no dissociative smectite was found. Among these clay minerals, the content of illite is the highest (39%), followed by mixed layers of illite/smectite, and the clinochlore content is lowest at 13%. The ratio of the illite/smectite mixed layer is only 15%.
[image: Figure 9]FIGURE 9 | Graph showing the XRD patterns of sample DC4-1.
TABLE 2 | Bulk-rock and clay mineral compositions of fault gouge sample DC4-1.
[image: Table 2]Fault gouge sample XH4 has a richer variety of minerals than sample DC4-1, including clay, calcite, quartz, pyrite, and small amounts of albite, microcline, and gypsum. The content of calcite is higher (∼29%) than that of quartz (∼16%), but clay content is 36%. The clay minerals, similar to that in sample DC4-1, are composed of illite, mixed layers of illite/smectite, kaolinite, and clinochlore. No dissociative smectite was found. Of the clay minerals present, illite has the highest content, reaching 50%, followed by the mixed layers of illite/smectite, and the clinochlore content is lowest at only 6%. The ratio of the illite/smectite mixed layer is also 15% (Figure 10 and Table 3).
[image: Figure 10]FIGURE 10 | Graph showing the XRD patterns of sample XH4.
TABLE 3 | Bulk-rock and clay mineral compositions of fault gouge sample XH4.
[image: Table 3]DISCUSSION
Slip Behavior of the DSF Revealed by Fault Gouge Microanalysis
Previous studies about experimental gouge and nature fault gouge have suggested that irregular striations, quasi-S-C fabrics, and small folds in the fault gouge are associated with fault creep, whereas localized brittle deformation features such as discontinuous fracture cleavages, straight cracks or striations, concentrated zones of cracking, and other deformation are caused by stick-slip during faulting (Moore et al., 1989; Reinen, 2000; Zhang et al., 2002; Yuan et al., 2013).
The microstructure observations mentioned before demonstrate that samples DC4-1, DC5-1, and DC6-1, collected from the upper fracture zone shown in the cores at the Dachuan site, have more abundant signs of deformation such as straight fracture planes, cracks or striations, subparallel fracture cleavage, and preferred orientations of porphyroclasts, and an overall higher degree of deformation than samples DC4-2 and DC5-2 (from the lower fracture zone). It can reasonably be concluded that the upper fracture zone has been the most recently active part of the DSF. Sample DC4-1 shows almost no microstructural deformation in the country rocks on either side of the fault gouge (Figures 5C,D). Thus, the structural deformation is concentrated in the ∼2.5-cm-thick fault gouge in the center of the fracture zone (Figures 5A,B).
In the country rock on either side of the fault gouge at the Xiaohe site, samples XH1, XH2, XH5, and XH6 show little or no microstructural deformation, which is in sharp contrast to samples XH3 and XH4 within the fault gouge (Figure 7). In particular, XH4, which was collected from near the center of the fault gouge, has the most conspicuous fractures or micro-cracks, oriented fragments, and reworked clasts, which imply a decreasing trend of deformation from the center to either side of the fault plane. Such deformation is unevenly distributed, with a 1- to 5-mm-thick zone composed of cleavages or micro-cracks or domino-like arranged fragments bounded by two subparallel straight cracks, within which mineral grains or debris have a preferred orientation. Outside of this zone, only a few micro-cracks developed.
According to Han et al. (2010) and Duan et al. (2016), the newest fault gouge in a fault belt is the softest, thinnest, and deepest in color, with almost no breccia inside and a clear, flat boundary with other parts. Therefore, it can be speculated that the gray-black and relatively loose and soft gouge X2 with 0.5- to 1.0-mm thickness (Figures 5A,B) in sample DC4-1 and the localized brittle deformation zone bounded by two straight cracks in sample XH4 are the result of the most recent stick-slip event (Figures 7F–I).
Previous studies suggest that the illite-rich fault gouge is the product of the fault slip that occurs during an earthquake, whereas the smectite-rich fault gouge is the product of fault creep (Chen et al., 2007; Isaacs et al., 2007). In this study, relatively abundant illite contents were found in the fault gouge at both the Dachuan boreholes and the Xiaohe outcrop sites, and almost no smectite was present (Tables 2, 3).
Stick-slip event of the fault is generally accompanied by co-seismic frictional heating, and experimental research works showed that the flash heating can cause thermal decomposition of minerals to form nanoparticles (Han et al., 2007). Then the existence of micro- to nanometer-sized grains can greatly reduce the friction strength of the fault and play a role of lubrication and drag reduction in the fault slip, enabling the fault slip in a large scale (Yuan et al., 2014). As mentioned before, abundant micro- to nanometer-sized grains were developed in the fault gouge of the samples DC4-1 (Figures 8A–C) and XH4 (Figures 8D–F).
Friction experiments show that the existence of water can lead to the transformation of frictional sliding from stable sliding to unstable sliding, which would result in seismic nucleation. Therefore, a more intense fluid activity in the fault gouge may correspond to more seismic events in the fault history (He et al., 2006; He et al., 2007; Han et al., 2010). Abundant pores could relate to fluid migration developed in the fault gouge in samples DC4-1 and XH4 from the two study sites.
Based on a combination of the microstructure observations and mineralogical analysis results, the DSF presents obvious stick-slip behavior and has the ability to produce devastating earthquake confirmed by paleoseismological studies (Densmore et al., 2007; Chen et al., 2013b; Chen et al., 2014; Dong et al., 2017). It should be pointed out, of course, that other mechanisms in addition to fault slip may involve the development of microstructures of our fault gouge. For example, the development of micro- to nanometer-sized particles observed in our fault gouge may involve thermal decomposition in parts, and the development of healed fluid migration fissures may relate to the pressure solution.
Differences Between DSF and BYF in Fault Gouge Microstructures and Mineralogical Composition
As shown in Table 4, features of the fault gouge of the DSF in the southern segment of the LFZ, as revealed by borehole and outcrop observations, differ significantly from observations made in trenches and drill-holes in the middle–northern segments. For instance, in the southern segment, the thickness of the fault gouge produced by single events is considerably less than that in the middle–northern segments, and the country rock is less fractured on a microscopic scale. Additionally, the fracture system in the southern segment is relatively simple and mainly consists of micro-cracks or discontinuous fracture cleavage. However, oriented fragments or clasts are distinct in the fault gouge from the southern LFZ, unlike in the fault gouge from the middle–northern segments in which reworked clasts are also evident.
TABLE 4 | Comparison of fault gouge microanalysis results between the DSF and BYF.
[image: Table 4]With the exception of clay, the mineralogical composition of fault gouge does not seem to be comparable at study sites in the LFZ. The total clay content in the relatively new fault gouge in the middle–northern segments of the LFZ is generally more than 50%, or even more than 70% (Yuan et al., 2013; Wang et al., 2014; Duan et al., 2016), whereas that of our two study sites in the southern segment was only around 40%. In addition, the clay mineral composition in the fault gouge also differs significantly between the southern and the middle–northern segments. For example, the contents of the illite/smectite mixed layer and chlorite are significantly lower in the southern segment, whereas the content of kaolinite is significantly higher. The illite/smectite mixed layer ratio in the southern segment is significantly smaller than that in the middle–northern segments (Tables 2–4).
In terms of ductile deformation features, the microstructures of the fault gouge from the south segment of the LFZ is different from that from the middle–northern segments. For instance, the S-C fabric from the gouge of the middle–northern segments is relatively strong and obvious, while that from the gouge of the southern segment are very untypical and we call it the quasi-S-C fabric.
Previous research works on structural geology revealed that the DSF is unique in the southern segment of the LFZ because it contains records of Holocene offset at the surface (Densmore et al., 2007; Chen et al., 2013b; Chen et al., 2014; Dong et al., 2017). However, in contrast to the middle–northern segments of the LFZ, which show clear fracture surfaces and >1-m co-seismic displacement (Xu et al., 2009; Ran et al., 2010a; Ran et al., 2010b; Ran et al., 2013; Ran et al., 2014), the DSF produced only tiny offsets near the surface. Therefore, these studies suggested that, in contrast to middle–northern LFZ, the single faults in southern LFZ are less active and lead to lower seismic activity because they have more branches distributed over a larger area, allowing tectonic deformation to be accommodated by more faults (Densmore et al., 2007; Chen et al., 2013b; Chen et al., 2014; Dong et al., 2017). Coincidentally, the microstructure, clay content, and clay mineral content of the fault gouge varied greatly between the southern and middle–northern LFZ. That is, the results of our microanalysis of the fault gouge further support the inference that the southern segment of LFZ is not like the middle–northern segments and is unlikely to experience an Ms 8.0 or larger earthquake.
Implications to identify minor-surface-ruptures by microscopic analysis of fault gouge.
According to the comparison of the microscopic characteristics of the abovementioned gouges, whether collected from near the surface or from boreholes, it can be seen that the DSF with minor co-seismic displacement is systematically different from the BYF with intense activity. These differences may be caused by the intrinsic differences in the active characteristics of the two types of faults; that is to say, the information identified from the fault gouge of the DSF may serve as a preliminary marker for identifying minor-surface-rupture faults. To sum up, the obvious signs about fault gouge are as follows:
1) fault gouge thickness of a single fault event is less than 5 mm;
2) under a microscope, no obvious micro-crack was examined in surrounding rocks around the fault gouge; and observed micro-cracks are discontinuous and S-C fabrics are not very typical in the fault gouge.
3) under SEM, mineral debris reprocessing phenomenon is rare.
4) XRD mineral analysis shows that the total clay content is less than 50%, the content of Kaolinite is obviously higher than that of Clinochlore, and the content of Illite/Smectite mixed layer is less than 30%.
These markers may provide useful evidence for identifying minor-surface-ruptures and make up for the limitations of traditional geological methods.
CONCLUSION
This study investigated the microstructures and mineral composition of the fault gouge exposed in outcrop and from boreholes in the DSF in the southern segment of the LFZ. The microstructural results revealed a series of localized brittle deformations mainly produced by stick-slip of the fault, such as fracture cleavages, straight cracks, and striations, and strongly deformed zones consisted of these deformation styles. In addition, fluid migration pores or fissures and micro- to nanometer-sized grains, related to earthquake occurrence and possibly involved by pressure solution and thermal decomposition, respectively, were also observed. The mineralogical composition revealed by the XRD analysis shows total clay content of 44% in the fault gouge from the Dachuan borehole site and 36% from the Xiaohe outcrop site. Abundant illite content, considering the result of fault slip when an earthquake occurs, was found, with 39% and 50% at Dachuan and Xiaohe sites, respectively. In conclusion, the microanalysis results of the fault gouge show that the DSF has the behavior of stick-slip, which supported by paleo-seismic researches along the fault.
A comparison analysis demonstrated that the DSF, one minor-surface-rupture fault in the southern segment of the LFZ, has significantly different fault gouge microstructure and mineralogical composition from those in BYF with intense activity in the middle–northern segments of the LFZ. We summarized several representative characteristics of DSF that are different from BYF: 1) Macroscopically, fault gouge thickness of a single fault event is thinner. 2) Microscopically, micro-cracks in surrounding rocks and the debris reprocessing phenomenon in the gouge were rare, and discontinuous micro-cracks and untypical S-C fabrics in the gouge are common. 3) In terms of mineral composition, the total clay content is less than 50%, the content of kaolinite is obviously higher than that of clinochlore, and the content of illite/smectite mixed layer is less than 30% in the gouge. These features are systematic; therefore, comparing these fault gouge markers can help us to identify minor-surface faults.
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