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The activity of blind thrust faults drives fold deformation of overlying strata, leading the folds to be geometrically related to the underlying blind thrust faults. However, it is often challenging to select an appropriate kinematic model for a thrust fault-related fold. To construct the model of the Guman fold in front of the Western Kunlun Mountains in western China, we interpret deformed terrace profiles and a high-resolution seismic reflection profile that crosses the fold. Combining deformation characteristics of the terrace profiles and subsurface structures interpreted from the seismic reflection data, the Guman fold is best explained as a fault-bend fold with lower flat-ramp-upper flat geometry that grows by kink-band migration. Previous studies and the seismic reflection profile show that the blind fault ramp dips 20 ± 4° to the south. Using the fault bend fold model with Monte Carlo probability distributions, the uplifted and dated T1c terrace surface (250 ± 35 ka) and fault geometry indicate a slip rate of 2.6+1.3/−0.4 mm/yr along the underlying fault ramp. The uplift of the pre-growth strata across the underlying fault ramp combined with the fold initiation in the early Pleistocene (2.14–1.8 Ma) indicate a long-term slip rate of 1.7+0.6/−0.2 mm/yr along the underlying fault ramp. For a lower flat-ramp-upper flat fault-bend fold with fault dip of 20°, 13% of the slip along the underlying fault ramp would be absorbed by the fold above the fault ramp, whereas 87% of the slip will be transferred forward along the upper fault flat. Therefore, the shortening accommodated by the Guman anticline is 0.34+0.18/−0.06 mm/yr while the slip rate along the upper fault flat is 2.3+1.1/−0.4 mm/yr since the T1c terrace abandonment. This result explains why the shortening of the Guman Anticline is largely hidden from the relative movement of Global Positioning Stations sites to the north and south of the fold. These findings support the view that most of the crustal shortening of the Western Kunlun Mountain is transferred basinward along the shallow detachment and is likely ultimately absorbed by the Mazatagh Thrust located 200 km away in the hinterland of the Tarim Basin.
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INTRODUCTION
Blind reverse fault activity often folds the overlying strata. It has long been recognized that certain folds are geometrically related to the underlying blind thrust faults (e.g., Suppe, 1983; Jamison, 1987; Erslev, 1991; Epard and Groshong, 1993). Most thrust fault-related folds are characterized as fault-bend folds, fault-propagation folds, detachment folds (Jamison, 1987) and wedge-thrust folds (Shaw et al., 2004). Growth mechanisms of these folds are broadly assigned to kink-band migration (Suppe, 1983; Medwedeff, 1992; Medwedeff and Suppe, 1997) and limb rotation mechanisms (Erslev, 1991; Hardy and Ford, 1997; Allmendinger, 1998; Allmendinger and Shaw, 2000). Many kinematic models have been developed to establish a quantitative relationship between surface folds and the underlying thrust faults (e.g., Suppe, 1983; Erslev, 1991; Medwedeff, 1992; Epard and Groshong, 1993; Hardy and Ford, 1997; Medwedeff and Suppe, 1997; Allmendinger, 1998; Allmendinger and Shaw, 2000; Lavé and Avouac, 2000; Bernard et al., 2007; Le Béon et al., 2014; Saint-Carlier et al., 2016). However, it is often challenging to differentiate among kinematic models for specific thrust fault-related folds, because the fold geometries are often the same or similar on the surface and in seismic reflection profiles. At the same time, different kinematic models require different slip or slip rate calculation methods and also represent different structural deformation modes.
The growth mechanism and the associated subsurface geometry are requirements for building a kinematic model of an active fold. For example, if a terrace surface is preserved continuously across a fault-propagation fold or a detachment fold, conservation of excess area allows for estimating the cumulative horizontal shortening experienced by this marker, provided that the depth to the detachment fault is known (Epard and Groshong, 1993). This method is also applicable to fault-bend folds with an upper fault flat exposed to the surface (called “type 1 fault-bend fold” in this paper; Figure 1A1; e.g., Lavé and Avouac, 2000). However, if the upper fault flat of a fault-bend fold is not exposed (called “type 2 fault-bend fold” in this paper; Figure 1A2; e.g., Suppe, 1983), the excess-area conservation method is not applicable to the determination of the total shortening experienced by the surface terraces. This is because a majority of the deformation will be accommodated by the upper fault flat and the fold above the fault ramp absorbs only a small portion of the deformation (Figures 1A2,A3; Suppe, 1983; Epard and Groshong, 1993). An alternative approach to calculate horizontal shortening is to divide uplift by the sine of structural dip, given that a fault-bend fold grows by kink-band migration (Figures 1B1,B2; e.g., Suppe, 1983; Lavé and Avouac, 2000).
[image: Figure 1]FIGURE 1 | Schematic diagrams showing the kinematic link between terrace deformation and the geometry of fault-bend folds. (A1) In type 1 fault-bend folds, the magnitude of the excess area is a product of the displacement on the lower detachment (D) and the depth to the detachment (h) (Lavé and Avouac, 2000). (A2) In type 2 fault-bend folds, the excess-area conservation method is not applicable because some material (△A2) is translated out of the fold for levels above the upper flat (h > hu), whereas all the area involved is expressed as excess area (A1) for levels below the upper flat (h < hu) (Epard and Groshong, 1993). (A3) Excess area vs. depth diagram (Epard and Groshong, 1993). The excess area above and below the upper flat is represented by two line segments which intersect at the stratigraphic level of the upper flat. (B1,B2) In fault-bend folds, if they grow by kink band migration, horizontal shortening is equal to uplift divided by the sine of the underlying ramp dip (e.g., Suppe, 1983; Lavé and Avouac, 2000). (C1) The terrace folds localized across the active axial surfaces are normally indicative of kink band migration. The terraces above the ramp are parallel to each other. (C2) Simple shear fault-bend folds produce two dip panels of different magnitudes. Long distance of tilt deformation occurs across the pre-growth shear interval by limb rotation. The location of active folding of ground surface relative to the geometry of a fold can be used to distinguish between folding styles. Fold scarps that grow at an anticlinal axial surface by kink band migration are often type 2 fault-bend folds (D1). Alternatively, fold scarps that grow at a synclinal axial surface are often indicative of wedge-thrust folds (D2).
River terraces, which are accessible and less challenging to date than growth strata (e.g., Suppe et al., 1992; Shaw and Suppe, 1994), record incremental fold deformation at different time scales (e.g., Rockwell et al., 1988; Lavé and Avouac, 2000; Thompson et al., 2002; Chen et al., 2005; Hubert-Ferrari et al., 2007; Bernard et al., 2007; Daëron et al., 2007; Simoes et al., 2007; Simoes et al., 2014; Stockmeyer et al., 2017; Charreau et al., 2018). Therefore, deformation characteristics of river terrace sequences can be used to distinguish between the growth mechanisms of folds. For fault-bend folds that grow by kink-band migration (Figure 1C1), terraces can be deformed as they pass through the active fold axis (Suppe et al., 1997; Lu et al., 2002; Chen et al., 2005; Scharer et al., 2006; Hubert-Ferrari et al., 2007; Ishiyama et al., 2004; Ishiyama et al., 2007), while far from active axis, these surfaces are not deformed (Suppe et al., 1997; Hubert-Ferrari et al., 2007; Li and Chen, 2014; Stockmeyer et al., 2017). For shear fault-bend folds (Figure 1C2), gradual rotation of fold limbs causes overlying terraces to tilt over a substantial horizontal distance (Rockwell et al., 1988; Chen et al., 2005; Scharer et al., 2006; Hubert-Ferrari et al., 2007). Furthermore, fold scarps can represent the active axis surface of a fold that grows by kink-band migration (Lu et al., 2002; Chen et al., 2005; Chen et al., 2007; Scharer et al., 2006; Hubert-Ferrari et al., 2007; Li and Chen, 2014), so some types of folds can be distinguished by their location relative to the fold’s front limb (Ishiyama et al., 2004; Ishiyama et al., 2007). Fold scarps that grow at the anticlinal axis are related to type 2 fault-bend folds (Figure 1D1), whereas fold scarps located at synclinal axis are often indicative of wedge thrust folds (Figure 1D2) (Medwedeff, 1992; Ishiyama et al., 2004; Ishiyama et al., 2007). Determining which type of fold model is active requires knowledge of the geometry of folds and faults at depth that can be well constrained from high-resolution seismic reflection profiles. Therefore, combining river terrace deformation patterns and high-resolution seismic profiles is an effective strategy to build kinematic fold models (e.g., Ishiyama et al., 2004; Ishiyama et al., 2007; Shaw et al., 2004; Stockmeyer et al., 2017).
The Guman fold is located in front of the Western Kunlun Mountain of northwest China (Figure 2A). This area has been contracting since the Late Cenozoic (Sobel and Dumitru, 1997; Yin et al., 2002; Jiang and Li, 2014). A large number of fault scarps are present along the frontal fold zone (Figure 3B; Pan et al., 2007; Li et al., 2016; Li et al., 2018) where the M6.4 Pishan earthquake occurred on July 3, 2015 (Figures 2A, 3B), indicating a strong activity of the fold. Despite this recent and other geological evidence for active tectonic deformation, the Global Positioning Stations (GPS) sites to the north and south of the fold show a roughly constant northward velocity (Figures 2A,C1,C2, 3B; Li et al., 2016). Therefore, understanding the activity of the Guman fold is important for accessing the tectonics of the Western Kunlun Mountain region and the seismic hazard. However, based on seismic profiles in front of the Western Kunlun Mountain, previous studies have different interpretations of the fold. Li et al. (2016) proposed that the Guman fold is controlled by a structural wedge, indicating that fault slip progressively shifts toward the hinterland along a back thrust (Li et al., 2018). Jiang et al. (2013) interpreted the fold as a fault-propagation fold that absorbs the tectonic deformation in front of the mountain. Other geologists (Liang et al., 2012; Lu et al., 2016; Cheng et al., 2017; Guilbaud et al., 2017; Li et al., 2018) have suggested that the fold is part of a fault-bend fold system where a large amount of the fault slip is transferred along the upper detachment and could reach the Mazatagh fault, about 200 km north of the fold (Figure 2B). These variable results hinder us from choosing an appropriate kinematic fold model to estimate the deformation of Guman fold. Guilbaud et al. (2017) used the excess-area conservation method applied to terraces to estimate that the slip rate along the blind thrust fault of the Guman Fold is 0.5–2.5 mm/yr. However, the estimate must be refined with constraints on fold growth mechanism and subsurface geometry because the excess-area conservation method may not be applicable for terraces, if the Guman fold is a type 2 fault-bend fold in which some material is transferred out of the fold (Figures 1A2,A3; Suppe, 1983; Epard and Groshong, 1993). Based on the seismic profile, Li et al. (2016, 2018) proposed minimum slip rates of ≥0.8 mm/yr or ≥1.2 mm/yr since the initiation of deformation. These results leave a significant gap in our understanding of the late Quaternary shortening rate accommodated by the Guman fold.
[image: Figure 2]FIGURE 2 | (A) Structures and historical earthquakes along the Western Kunlun Mountain. Inset shows the study area. GPS velocities are relative to stable Eurasia from Zheng et al. (2017). Earthquake locations are from the China Earthquake Network Center seismic catalog from 1853 to 2018. ATF, AltynTagh Fault; GM, Guman fold; KKF, Karakoram Fault; KRF, Karakax Fault; KST, Kashitashi Thrust; KYTS, Kashi-Yecheng Transfer System; MT, Mazatagh Thrust; TKT, Tieklik Thrust. Shaded relief map is based on the 30 m SRTM DEM. (B) Geologic section across the Guman fold and the Mazatagh Thrust fault with 2× vertical exaggeration (Li et al., 2016; Lu et al., 2016; Guilbaud et al., 2017). See (A) for the location. (C) Topographic profiles and GPS velocities. Elevation data are from the 30 m SRTM DEM, with 11× vertical exaggeration.
[image: Figure 3]FIGURE 3 | (A) Uninterpreted 12.5 m ALOS DEM shaded relief map showing the Guman fold in front of the Western Kunlun Mountains. (B) Guman fold outlined by white dashed lines. Yellow arrows are GPS velocities relative to stable Eurasia (Zheng et al., 2017). Bedding orientations are from Li et al. (2016). Rose diagram based on mapped fault traces. (C) 2 km wide topographic swath profile from the 12.5 m ALOS DEM. See (A) for location.
In this paper, we develop and test a kinematic model for the Guman fold that couples topography data, kinematic modeling, and geodetic velocities. To build the kinematic model for the Guman fold, we first determine the growth mechanism from deformation pattern of terraces that cross the fold. Secondly, based on comprehensive analysis of the terrace deformation and the subsurface geometry of the fold revealed by a high-resolution seismic profile, we build the kinematic fold model using the theory of fault-bend fold. Based on the established kinematic model, the slip and slip rate along the underlying fault ramp is determined from deformed terrace uplift and exposure age. We also estimate the long-term slip rate using pre-growth strata uplift and the age of initiation of deformation of the Guman fold. The Monte Carlo simulation is used in the calculation, incorporating the input parameter uncertainty. Our findings refine the slip rate along the underlying fault ramp and the deformation patterns in front of the Western Kunlun Mountain.
TECTONIC SETTING OF GUMAN FOLD BELT
The Western Kunlun Mountain are located at the northern edge of the Tibetan Plateau and were formed during the late Cenozoic due to the India-Asia collision (Figure 2A; Sobel and Dumitru, 1997; Yin et al., 2002; Jiang and Li, 2014). Three large faults are present in the Western Kunlun orogenic belt: the left-lateral Karakax fault to the southeast, the Kashgar-Yecheng right-lateral transitional fault to the west, and the south-dipping Tieklik thrust fault (Figure 2A). The Tieklik thrust forms the boundary between the Western Kunlun Mountains and the Tarim Basin and accommodates the convergence between the Tibetan plateau and the Tarim Basin (Gao et al., 2000; Kao et al., 2001; Wittlinger et al., 2004). Few fault-related geomorphic features and only rare earthquakes indicate that this fault may have been inactive in recent times (Pan et al., 2007). However, the high topographic relief and up to 12 km thick Cenozoic sediments in the foreland basin indicate strong deformation basinward of the mountain (e.g., Yin et al., 2002; Jiang and Li, 2014). Besides, the Mazatagh thrust in the center of the Tarim Basin (Figure 2A) is 300 km long, oriented parallel the Western Kunlun Mountains front, and may have been active since the late Miocene or middle Pleistocene (Yang et al., 2007; Pan et al., 2010; Si et al., 2011). The minimum shortening rate across the Mazatagh fold-thrust belt since the middle Pleistocene is 0.9 mm/yr (Pan et al., 2010).
Uplift and foreland-ward propagation of the Western Kunlun Mountains have contributed to continued growth of the Tibetan Plateau since ∼25 Ma (e.g., Sobel and Dumitru, 1997; Ritts et al., 2008; Jiang and Li, 2014). Himalayan movement since Pliocene (∼5 Ma) have apparently caused much stronger convergence and folding of the northern Tibetan Plateau (Zheng et al., 2000; Wang et al., 2003; Hu et al., 2008; Jiang and Li, 2014; Liang et al., 2014). The Tarim Basin, located north of the Western Kunlun Mountain, includes two detachments with gypsum layers that localize deformation (Lu et al., 2016). The gypsiferous detachments are in the lower Paleocene and the Middle to Lower Cambrian units (Lu et al., 2016). On the geologic cross-section perpendicular to the orogenic belt (Figure 2B), the deep structure in the piedmont is a duplex with a stack of four thrust slices between the deep Cambrian and the shallow Paleogene detachments (Guilbaud et al., 2017). At the front of this duplex, the blind ramp connects these two detachments (Guilbaud et al., 2017). The Guman fold is above the leading edge of the imbricate blind duplex (Figure 2B).
The Guman fold is located near Yecheng and Pishan cities (Figures 2A, 3B). Previous studies referred to the structure as the Yecheng-Pishan fold (Guilbaud et al., 2017), the Pishan fold (Wu et al., 2019), and the Guman fold. Guman fold is used by most researchers (e.g., Wu et al., 2004; Pan et al., 2007; Cheng et al., 2011; Guan et al., 2013) and geological maps and we use this term. The fold is oriented NW-SE and has a ∼140 km length and a ∼10–30 km width (Figures 3A,B). The Guman fold creates a smooth topographic step, ∼300 m above the Tarim Basin (Figure 3C). The Plio-Pleistocene strata are exposed along major transverse valleys and dip ∼3–5° to the north (Figure 3B). Many bending moment fault scarps, a type of secondary fault related to folding, are present along the fold (Figure 3B; Pan et al., 2007; Li et al., 2016; Li et al., 2018). However, this region remains nearly aseismic, except for seismicity along the AltynTagh-Karakax strike-slip fault. The region did host three earthquakes (Mw 5.5–6) along the mountain front: two in the 1950s and the 2015 Pishan M 6.4 earthquake (Figure 2A; Li et al., 2015; Li et al., 2016; Guilbaud et al., 2017). Recent GPS data show no significant gradients across the mountain front (Figure 2C; Zheng et al., 2017). GPS data to the north and south of the Guman fold shows constant northward velocity (Figure 3B; Zheng et al., 2017). However, Figure 2C1 shows that the average GPS velocity to the south is clearly higher than the two GPS velocities north of the Mazatagh in the center of the Tarim Basin: 1.43 ± 0.65 mm/yr and 5.48 ± 1.49 mm/yr, respectively.
METHODS
The topographic profiles of fluvial terraces across a fold are indicative of the fold’s growth mechanism and evolution. From free Google satellite images and 12.5 m ALOS digital elevation model (DEM) data, we mapped river terraces across the fold in the Kuoshtagh River and the Pixina Valley. We used differential GPS to measure topographic profiles along several terraces and the modern riverbed. We extracted the topographic profiles of two terraces from the ALOS DEM. The differential GPS and ALOS DEM show a mean elevation difference of 0.6 ± 1.6 m (Figure 4, inset).
[image: Figure 4]FIGURE 4 | Morphological map showing terrace treads and survey lines at the Guman fold in Universal Transverse Mercator (UTM) zone 44. See Figure 3B for the map location. The gray solid pentagon shows a cosmogenic 10Be dating depth profile on the T1c west bank of the Pixina valley collected by Guilbaudet al. (2017). The gray solid diamond shows a surface 10Be sample collected on the T1b east bank of the Pixina valley. Transect A–A′ is the reference line of NE 29°. The red line shows the seismic profile with NE 21.1° and NE 35.6° segments. Shaded relief map is from the 12.5 m ALOS DEM. The inset shows the elevation difference between the differential GPS and the ALOS 12.5 m DEM.
To establish the geometric and kinematic model for the Guman fold from the terrace and the seismic profiles, we projected the terrace elevations and the seismic profile to a reference plane perpendicular to the strike of the fold axis. From the terrace deformation analysis, we constrained the fold’s growth mechanism. Together with the subsurface fold structures and the underlying thrust fault shown in the high-resolution seismic profile, we distinguish between a type 2 fault-bend fold and a wedge-thrust fold. The fault ramp dip under the fold is from previous research and the seismic profile used in this study.
To extract the contribution of structure to terrain from terrace longitudinal sections, it is necessary to correct for the base level, river gradient and sinuosity changes (e.g., Lavé and Avouac, 2000; Simoes et al., 2007; Simoes et al., 2014; Yue et al., 2011; Saint-Carlier et al., 2016). After removing the initial slope from the terrace profiles, the remaining elevation change reflects structural deformation after terrace abandonment. Coupled with terrace exposure ages, we quantify the fold’s shortening rate and the slip rate along the fault ramp. We discuss the tectonic significance of fold’s deformation in front of the Western Kunlun Mountain.
To calculate the deformation rate of the Guman fold, we use a Monte Carlo simulation to generate a synthetic distribution of deformation rates and then determined the most probable value for the deformation rate (e.g., Thompson et al., 2002; Davis et al., 2005; Amos et al., 2007; Rood et al., 2011). In the Monte Carlo simulation, each input parameter is assigned a probability density function (normally distributed or uniform).
RIVER TERRACES DIVISION AND AGES
The Keliyang River originates in the Western Kunlun Mountains, cuts through the Guman Fold, and forms the Bashlangan and Pixina wind gaps as well as the Kuoshtagh water gap (Figure 4). Along these valleys, ongoing folding has uplifted flights of fluvial terraces above the modern riverbed. It is challenging to confidently correlate these terraces due to their numerous levels and similar geomorphic characteristics. We merged neighboring terraces with little vertical separation and similar geomorphic characteristics into a single level, similar to the scheme used by Li et al. (2018).
Terrace Delineation
We divided geomorphologic surfaces into four major terrace groups (T4–T1) from the highest terrace to the lowest and one fan stage (T0) using field observations, geomorphic mapping and dating (Figure 4). Terraces T3, T2, and T1 can be divided into several sublevels (Figure 4). Table 1 compares our terrace division with previous work (Ainscoe et al., 2017; Guilbaud et al., 2017; Li et al., 2018). We found that the Kuoshtag channel is systematically lower (by up to ∼30–60 m) than the Pixina channel. As proposed by Guilbaud et al. (2017), the Guman fold is likely a relict of a former wide alluvial fan that deposited at the Keliyang River outlet along the mountain front. Therefore, the corresponding terraces have different heights above the river bed in different valleys.
TABLE 1 | Comparison of terrace divisions between this study and previous work at the Guman fold.
[image: Table 1]The T4 terrace is the highest terrace in the study area and locally remains on the west bank of the Pixina and Bashlangan Valley. It is ∼160 m above the Pixina river and ∼210 m above the Kuoshtag river (Supplementary Figure S1).
The T3 terraces are strath terraces, located on both banks of the Pixina Valley with ∼90–110 m above the Pixina river and ∼170 m above the Kuoshtag river (Supplementary Figure S1). The strath is composed of interbedded pebble layers, grayish green coarse sand stone and light yellow fine sandy clay stone and is exposed on the east bank of the Pixina valley (Supplementary Figure S1B). The bending-moment fault scarps on the T3a terrace on both banks of the Pixina valley. Both have heights of 1.1–18.2 m (Li et al., 2018). The T3a terrace on the east bank of the Pixina valley is preserved continuously across the Guman fold (Figure 4).
The T2 terraces are mainly distributed along the west bank of the Kuoshtag valley and locally preserved on southwest bank of the Pixina valley (Supplementary Figure S1). The T2 terrace on the west bank of the Kuoshtagh Valley has three sublevels located ∼80–100 m above the Kuoshtag river (Supplementary Figures S1F,G; T2a, T2b, and T2c). In the south of the Kuoshtagh Valley, the sublevels merge.
The T1 terraces are mainly on the west bank of the Kuoshtagh valley located ∼15–45 m above the Kuoshtag river (Supplementary Figures S1F,G; T1a, T1b, and T1c) and on both banks of the Pixina Valley located ∼35–40 m above the Pixina river (Supplementary Figures S1F,G; T1b and T1c). These terraces can be divided into three sublevels based on minor height variations. The terrace surfaces are relatively broad and continuous. T1’s strath is on the both banks of the Pixina valley (Supplementary Figures S1C,D) and the west bank of the Kuoshtagh river (Supplementary Figure S1E). The strath is composed of lightly-colored Pliocene silt and sand. Numerous fault scarps on the northern section of terrace have heights of ∼0.3–4.8 m (Li et al., 2018). PetroChina’s seismic profile crosses the fold along the T1c terrace west of the Pixina valley (Figure 4). Our topographic survey line crosses the fold along the same terrace and intersects with the seismic profile (Figure 4). The terrace exposure age was determined from 10Be dating (Figure 4; Guilbaud et al., 2017). This age can be used to calculate deformation rates of the fold and along the fault ramp since terrace abandonment.
Alluvial fans (T0) are located at the outlet of each valley on the north side of the Guman fold with typical fan shapes (Figure 4), indicating that sediment carried by the rivers immediately spreads around and accumulates after leaving out of the anticline, and that local river erosion datum is on the north side of the anticline.
Age of Terrace Abandonment
The age of terrace abandonment is critical for calculating the deformation rate. Guilbaud et al. (2017) determined the T1c exposure age on the west bank of the Pixina valley to be 250 ± 35 ka from in sit produced cosmogenic isotopes (10Be) (Figure 4; Guilbaud et al., 2017). For the terrace T1b east bank of Pixina valley, Guilbaud et al. (2017) collected one OSL sample along the terrace edge with a depth of 4.0 m from the terrace surface and yielded an age of 40 ± 3 ka (Figure 4). We collected one surface pebble sample (PST2-0) to update the age. Details of field sampling, preparation, measurement, and age calculation are in the Supplementary Material. Using the CRONUS Earth 3.0 calculator (Balco et al., 2008), we calculate the T1b terrace age on the east bank of Pixina valley to be 350 ± 32 ka (Figure 4; Table 2). This is corrected by the 10Be inheritance determined by Guilbaud et al. (2017). This age is consistent with our terrace division scheme: the two lower levels of both banks of Pixina valley belong to the same terrace group and the 7 m height variation is significantly less than the 30–50 m variation in the major levels (Supplementary Figure S1).
TABLE 2 | Cosmogenic 10Be data and ages of the T1b terrace at the Guman fold.a
[image: Table 2]CONSTRUCTION OF FOLD KINEMATIC MODEL
Terrace surfaces are useful geomorphic markers in analyzing the kinematics of active structures. If their initial state is known, the terraces are indicative of folding and faulting kinematics over tens to hundreds of kilo years, often over several seismic cycles (Lavé and Avouac, 2000).
Terrace Survey
We use two methods to obtain terrace elevation profiles: Field-based differential GPS and extraction from high-resolution DEMs. Survey lines are often in the middle of terraces, kept as straight lines, and avoid modified terrace surfaces (Figure 4). During fieldwork, the river flow was intercepted upstream by a reservoir, so we could directly measure the exposed modern riverbed. We extract elevation profiles of two terraces from the ALOS 12.5 m DEM. To evaluate the DEM accuracy, we put the differential GPS and the ALOS 12.5 m DEM in the same coordinate system. Our reference section (p1) crosses the complex and flat terrain of the high and low terrace, respectively. We calculate the elevation differences between the differential GPS and the ALOS 12.5 m DEM at the same points. The elevation differences form a normal distribution with a −0.6 m mean and a 1.6 m standard deviation (Figure 4, inset). The average difference reflects a change of a datum and does not alter our results.
Deformation Characteristics of Terraces
We project the terrace profiles to a reference line perpendicular to the fold axis (Figure 4). Stress concentration in the folding process leads to numerous bending moment faults in the Guman fold (Li et al., 2018). The strike of bending moment faults above a fold generally represents the direction of fold axis (Philip and Meghraoui, 1983; Li et al., 2018). In the study area, the average strike of the bending moment faults is 299° (Figure 3B, inset). On the north side of the Guman fold, rivers exit the fold zone and the valley suddenly narrow, likely due to fold uplift driving enhanced incision at the anticline axis. Similar patterns are seen in the Bashlangan, Pixina and Kuoshtagh Rivers. The connecting trend of these narrowing positions is ∼302° (Figure 4). These findings support a fold axis of ∼299–302°. We choose 029° (perpendicular to fold axis) as the projection reference line, similar to Guilaud et al. (2017). The reference line begins near the fold’s south side (Figure 4).
From the projected terrace elevation profiles, the deformation pattern of the terraces forms a simple step (Figure 5A). From km 0–18 (see coordinate system in Figure 5A), the terraces have surface slopes of 0.74–0.97°. Among them, the T3a and T2b terraces are deformed slightly from km 5–10, possibly due to minor bending of the underlying fault ramp or secondary faulting of the thrust sheet. After km 18, the surfaces tilt steeply northward, and the degree of tilting increases with terrace age. After km 25, the terraces and modern river beds meet on undeformed alluvial fans (T0) (Figure 5A). The seismic reflection profile shows that up to dozen kilometers of terraces above the fault ramp are parallel with each other (Figures 5A,B), indicating that the Guman fold grows by kink-band migration.
[image: Figure 5]FIGURE 5 | (A) Six terrace profiles and the modern Kuoshtagh river profile with 20× vertical exaggeration. All profiles are projected to the NE 29° reference line. The terrace surfaces above the underlying fault ramp are subparallel, consistent with a fault-bend fold that grows by kink-band migration. (B) Interpreted seismic reflection profile based mainly on the results from Lu et al. (2016) and Li et al. (2016). The underlying fault has a lower flat-ramp-upper flat geometry. The axial surface terminology is from Lu et al. (2016). The entry and exit axial surfaces define the hinge zone across the fault bend at the upper end of the fault ramp.
Fold and Fault Structure Inferred From the High Resolution Seismic Profile
Our seismic reflection profile interpretation mainly derives from Lu et al. (2016) and Li et al. (2016). The seismic profile shows that fold has a north-vergent geometry, a steeper (∼12–14°N) and narrow northern limb and a nearly horizontal (∼2–5°S) and broader southern limb (Figure 5B). The blind thrust fault shows a simple step shape. The seismic reflection layers are offset across the fault ramp, and there is no clear decrease of offset along the ramp (Lu et al., 2016; Ainscoe et al., 2017), so we infer that the fold is a fault-bend or wedged-thrust fold but not a fault-propagation fold.
The position of active axial surfaces relative to the geometry of the fold’s front limb can be used to distinguish type 2 fault-bend folds from wedge-thrust folds (e.g., Ishiyama et al., 2004; Ishiyama et al., 2007). We align the seismic profile with the projected terrace survey profiles using the intersection of survey line P2 and the seismic profile (Figure 5). We did not project the seismic profile to the reference section because their angle is 8°, and the projection would ony shorten the seismic profile by ∼170 m. This shortening is small and would not affect our results. The terrace deformation mimics the deformation of the underlying strata (Figure 5). The strongest deformation of the terrace surfaces, the location of fold scarps, is at 18–23 km section, which corresponds to the position on the seismic profile turning from fault ramp to upper flat (Figure 5). The terraces deform at the anticline hinge zone (Figure 5), not at the fault tip. This indicates that the anticlinal axis of fold is active, while the axial surface of fault tip is not. This supports that the Guman fold deformation is related to a type 2 fault-bend fold model (Figure 5, inset).
Constructing a Fold Kinematic Model
Based on the above discussion, the Guman fold is a type 2 fault-bend fold that grows by kink-band migration. However, we have not yet constrained the dip of the underlying fault ramp. For the seismic reflection profile, Li et al. (2016) estimated a ramp dip of 10–14° by assuming a uniform seismic velocity model of 3,000 m/s. Ainscoe et al. (2017) believe that this underestimates the velocity of the Pre-Cenozoic sediments and updated the profile by assuming 3,000 m/s and 5,000 m/s for the Cenozoic and Pre-Cenozoic units, respectively. They update the fault ramp dip to 16–20°. Lu et al. (2016) incorporate drill data and conclude that the fault ramp dips 20°. The Pishan mainshock fault parameters from earthquake catalogs, body wave modeling and a uniform Interferometric Synthetic Aperture Radar (InSAR) slip inversion (He et al., 2016; Wen et al., 2016; Ainscoe et al., 2017) indicate a dip of 20°–24°. Based on these results, we use a fault ramp of 20 ± 4°.
BLIND FAULT SLIP RATE AND GUMAN FOLD SHORTENING RATE
Method
Given that fault-bend folds (Suppe, 1983) grow by kink-band migration, the structural uplift (h) is proportional to the sine of the fault ramp dip angle (θ) and to the horizontal shortening (S) along lower fault flat (Figure 6; Lavé and Avouac, 2000; Yue et al., 2011).
[image: image]
[image: Figure 6]FIGURE 6 | Kinematic model of type 2 fault-bend fold that grows by kink-band migration. The back limb dips are parallel to the fault ramp, with a limb length equal to the fault slip S. Slip is not preserved across the fault bend, because the deformation is consumed by the fold (S’ < S). S, slip or slip rate along the lower fault flat or fault ramp; S’, slip or slip rate along the upper fault flat; R, slip ratio; γ, axial angle; θ, fault ramp dip. Numerical relationships are from Suppe (1983).
Pre-growth strata have the same horizontal shortening, while the horizontal shortening of the growth strata (terrace surfaces) decreases with decreasing deposition age (terrace abandonment) (e.g., Suppe et al., 1992; Shaw and Suppe, 1994). If the ages of the growth strata (terrace abandonment) or the initiation age of deformation of a fold are known, the shortening rates can be calculated (e.g., Shaw and Suppe, 1994).
For type 2 fault-bend folds, hanging wall motion is parallel to the adjacent fault segments (Figure 6; Suppe, 1983; Yue et al., 2011). The fault slip (S) along the ramp is the same along the lower fault flat, but the slip along the upper fault flat (S′) decreases because fault slip is consumed by anticlinal folding of the thrust sheets (Figure 6). Simplifying Suppe (1983)’s equations shows the relationship between fault slip on both sides of the anticlinal bend (Figure 6).
[image: image]
The slip ratio is R = sin (γ−θ)/sinγ. The relationship between the axial angle (γ) and the fault ramp dip (θ) is tanθ = sin 2γ/sin (2cos2γ+1). This formula can also be applied to growth strata and terraces (Le Béon et al., 2014).
Terrace Deformation
To compute the slip along the underlying fault ramp, we need to translate river relative incision revealed by terraces into incremental uplift. This needs corrections for base level, river gradient and sinuosity changes and to remove initial topographic gradients (Lavé and Avouac, 2000).
From the terrace morphology, there is no strong evidence for river sinuosity changes during the terrace formation and incision. The terraces remain approximately parallel to present riverbed (aside from the deformed portions; Figure 4). The incision profiles across the fold (Figures 5A, 7) have no strong residual baseline slopes that could indicate river gradient changes. Therefore, we make no corrections for changes in river sinuosity or gradient. It is still necessary to correct for erosion base level changes, due to sedimentation out of the fold, and for our case, north of the anticline. The deposits carried by the river immediately spread and accumulate into alluvial fans to the north of the anticline. The terraces converge and alluvial fans are at similar elevations to the current riverbed, which represents the local erosion base level. There are no previous constraints on the sedimentation rate in this area at the timescale of the uplifted terraces. We calculate the deposition rate from the youngest stratigraphy on the north side of the anticline based on the seismic reflection profile. The unit is 2.5 ± 0.2 km thick and its deposition began 3.6 Ma (Figure 5B; Li et al., 2018). Thus, the deposition rate is 0.69 ± 0.05 mm/yr. This value is consistent with the 0.5–1.0 mm/yr rate from other researchers in the Tarim Basin (Métivier and Gaudemer, 1997; Zheng et al., 2000; Jiang and Li, 2014). However, the rate is larger than 0.4 mm/yr from Guilaud et al. (2017) at the Guman fold. See the discussion for more detail. Further considering the uncertainty of the value, we use a 0.6–0.8 mm/yr deposition rate on the north side of the anticline.
[image: Figure 7]FIGURE 7 | Terrace profiles from Figure 5A after removing a 0.8° gradient. The residual slopes are less than 0.07°, suggesting that these profiles can be used to evaluate the tectonic uplift of the terraces.
As mentioned earlier, the terrace slopes are about 0.8 ± 0.1°, roughly consistent with the current riverbed slope (Figure 7), so we think that this slope represents the initial terrace state. This is also consistent with the ∼0.70–0.95° terrace gradient from Ainscoe et al. (2017). After removing this gradient, the residual terrace slopes are less than 0.07° and remaining elevation changes on individual terraces can be used to evaluate tectonic uplift of the terraces (Figure 7).
Fault Slip and Fold Shortening Rate From Terrace Deformation
We use a Monte Carlo simulation to calculate the slip and fold shortening rate (e.g., Thompson et al., 2002; Davis et al., 2005; Amos et al., 2007; Rood et al., 2011). This approach accounts for age, surface roughness, ramp dip, and deposition rate uncertainty. We use Oracle Crystal Ball, a worksheet-based software package designed for predictive modeling.
In the Monte Carlo simulations, each input is assigned a probability density function (PDF) that describes the variable uncertainty (Figure 8B; e.g., Thompson et al., 2002; Davis et al., 2005; Amos et al., 2007; Rood et al., 2011). The offset is estimated using a least-squares linear regression fit to the topographic survey points. The regression assumes a normal distribution. Surface age is given by a normal distribution with an average and standard deviation (250 ± 35 ka). A normal distribution is also used to estimate the error of the fault ramp dip (20 ± 4°). We use a boxcar PDF of the deposition rate of 0.6–0.8 mm/yr. These values define the mode and one standard confidence interval for slip and slip rate with 5,000 trial runs (Figure 8C).
[image: Figure 8]FIGURE 8 | Diagram depicting slip magnitude and rate calculations along the blind fault ramp under the Guman fold (A) The P2 survey line on the T1c terrace west of Pixina valley. Tectonic uplift along the underlying fault ramp is equal to the relative uplift measured from the survey after correcting for deposition thickness. The 250 ± 35 ka exposure age was determined by Guilbaud et al. (2017) using cosmogenic 10Be depth profile dating. (B) Relative vertical separation, fault ramp dip, terrace age and deposition are combined in a Monte Carlo simulation to estimate the slip magnitude and rate along the underlying fault ramp.
For the T1c terrace on the west bank of the Pixina River (Figure 8A), the part above the fault ramp is 74.1 m higher than base level. Given the surface roughness, we assign a 10% uncertainty to the elevation difference. Since the abandonment of the surface at 250 ± 35 ka, the deposition thickness on north side of the fold or equivalently the base level rise is 173.1 ± 26.7 m. Using this base level rise to correct for the incision of terrace T1c, the tectonic uplift of terrace T1c above the fault ramp is 246.0 ± 28.4 m (Figure 8A). We calculate a slip of 666.4+273.3/−103.6 m and a slip rate of 2.6+1.3/−0.4 mm/yr along the underlying fault ramp since the terrace abandonment (Figure 8B). For the lower flat-ramp-upper flat fault-bend fold with a 20° fault ramp dip, according to the fault-bend fold theory (Suppe, 1983), 87% of slip continues to pass forward along the upper fault flat and only 13% is absorbed by the fold above the fault ramp. Therefore, the shortening rate of Guman fold is 0.34+0.18/−0.06 mm/yr, while the slip rate along the upper fault flat is 2.3+1.1/−0.4 mm/yr.
Long-Term Fault Slip Rate From Pre-growth Strata
Combining the uplift of pre-growth strata across the underlying fault ramp and the fold’s deformation initiation age yields a long-term slip rate along the fault ramp. We estimate the initiation age of deformation for the Guman fold from the seismic profile and previous researches. At shallow depth, the Plio-Pleistocene strata thin southward from ∼3.0 km north of the fold to 1.5–1.6 km above the fold’s crest (Figure 5B; Lu et al., 2016; Ainscoe et al., 2017). The strata gradually thins to less than 500 m in front of the mountain (Figure 5B; Lu et al., 2016; Lu et al., 2016). The Pliocene and Pre-Pliocene strata have constant thickness across the fold. This suggests that the Plio-Pleistocene strata are growth strata, and that deformation of Guman fold initiated during the Plio-Pleistocene (Figure 5B; Guilbaud et al., 2017; Li et al., 2018). Based on seismic reflection profile, stratigraphic correlation and magnetostratigraphy results (Zheng et al., 2000), previous research suggested that the Guman fold’s deformation initiated at ∼2.14–1.8 Ma (Liu et al., 2004; Wu et al., 2004). This age is younger than the starting depositional age of 3.6 Ma suggested by Li et al. (2016, 2018) for the first unit due to growth strata being in upper half of the unit (Figure 5B; Guilbaud et al., 2017). The initiation age is consistent with that the frontal thrust ramp of the Guman fold initiated by ∼2–3 Ma (Guilbaud et al., 2017). The vertical structural throw is 1.1–1.4 km due to uplift of the pre-growth strata across the underlying anticlinal fault bend (Figure 5B). The slip along the fault ramp is 3.4+1.2/−0.5 km given the fault dip of ∼20°. This is consistent with ∼2.0–4.3 km of slip in previous studies (Li et al., 2016; Li et al., 2018; Lu et al., 2016). Finally, two boxcar PDFs are used to describe the uplift magnitudes and the deformation initiation age in the Monte Carlo simulations which yield a long-term slip rate of 1.7+0.6/−0.2 mm/yr along the fault ramp (Figure 9). This rate is lower than the short-term slip rate from terrace T1c, possibly because some deformation was absorbed by the imbricate structure during the formation of the leading ramp.
[image: Figure 9]FIGURE 9 | Long-term fault slip rate determined from pre-growth strata uplift and the initiation age of deformation of the Guman Fold. Two uniform PDFs were assigned for the uplift and the initiation age. The other parameter and the format of output results are the same as those in Figure 8.
DISCUSSIONS
Parameter Uncertainty
We used deformed terraces and a high-resolution seismic reflection profile to establish the kinematic model of the Guman fold. Furthermore, the Monte Carlo simulation is used to account for input parameter uncertainty. However, interpretation of the seismic reflection profile, deposition rate and terrace age are still the key points to build kinematic model and calculate slip or slip rates.
Our seismic profile interpretation is based on previous work (Li et al., 2016; Lu et al., 2016; Ainscoe et al., 2017). The stratigraphic boundary was divided at the rough same location, but the profile depth was different due to the assumed velocity models. Li et al. (2016) assumed a 3,000 m/s uniform velocity model that may underestimate the thickness of shallow strata (Ainscoe et al., 2017). Lu et al. (2016) interpreted the seismic reflection profile by incorporating drilling data from adjacent area, and the fault ramp is 10–13 km deep which is in good agreement with that suggested by Ainscoe et al. (2017). The Pishan earthquake depth is 10–20 km from the focal mechanism solution (Lu et al., 2016) and 10–19 km from a joint inversion of P and SH waves (Ainscoe et al., 2017). Therefore, we mainly refer to the seismic reflection profile interpreted by Lu et al. (2016). In addition, the intersection of the seismic reflection profile with the terrace elevation section (P2) ensures alignment accuracy.
Incremental uplift is estimated from terrace deformation across the fold by correcting for sedimentation at the river base level. Guilbaud et al. (2017) found a 0.4 mm/yr deposition rate by assuming a 2 km formation thickness and a 5 Ma initial deposition age of Pliocene-Quaternary unit. Despite a 50% uncertainty assigned to this value, 0.2–0.6 mm/yr deposition rate is still significantly lower than the 0.5–1.0 mm/yr rate from other researchers (Métivier and Gaudemer, 1997; Zheng et al., 2000; Jiang and Li, 2014). Guilbaud et al. (2017) estimated the deposition rate using the seismic reflection profile interpretation from Li et al. (2016) who may underestimate the formation thickness (Ainscoe et al., 2017). In addition, based on stratigraphic correlation in a nearby magnetostratigraphy study, Li et al. (2016, 2018) suggest that the deposition of the Pliocene-Quaternary unit started at ∼3.6 Ma, younger than 5 Ma (Guilbaud et al., 2017). Our 0.6–0.8 mm/yr rate is consistent not only with studies of previous sedimentation rates (Métivier and Gaudemer, 1997; Zheng et al., 2000; Jiang and Li, 2014), but also with the studies of sedimentology (Sun and Liu, 2006; Jiang and Li, 2014). After the late Miocene, the sedimentary environment in front of the Western Kunlun Mountains changed from a relatively calm river and lake to a higher-energy depositional Piedmont alluvial fan environment (Sun and Liu, 2006; Jiang and Li, 2014). According to our deposition rate, 172.4 ± 27.2 m of sediment was deposited since the T1c terrace abandonment (250 ± 35 ka). This correction for sedimentation accounts for 68+17/−11% of the 246.0 ± 28.4 m structural uplift of the terrace. The sedimentation greatly diminishes the impact of tectonic uplift on the fold, so the amplitude of the anticline is less obvious on the ground. Another reason is that the 20° fault ramp dip theoretically can cause only about 1/3 slip to translate into uplift. When using the sedimentation rate of 0.2–0.6 mm/yr proposed by Guilbaud et al. (2017), slip and slip rate would decrease by 1/3 and 1/4, respectively.
Our slip rate also depends on terrace ages which impact the calculated sedimentation and uplift rates. On terrace T1b east of Pixina valley, our exposure age is 350 ± 32 ka. Guilbaud et al. (2017) sampled a 5 m depth profile along the eastern bank of a wide post-depositional channel incising about 10 m into the terrace T1c and indicated an exposure age of 255 ± 35 ka with taking the erosion rate of 1 mm/yr. This age is less than our corresponding age, probably due to gully erosion of the original geomorphologic surface. Erosion is the main limiting factor for exposure ages, especially for an older terrace. Adding 25 cm of erosion to Guilbaud et al. (2017)’s calculation would roughly yield our result. However, when using a terrace age of 350 ± 32 ka, the slip would increase by 30% and the slip rate would only decrease by 5%, because the sediment correction increases with increasing age. The slip rate from the terrace age of 250 ± 35 ka represents the maximum value since terrace abandonment. This value is greatly impacted by the deposition rate and less by the terrace age. Nevertheless, more data are needed to clarify the terrace ages in the study area.
Comparing Our Results to Existing Research Results
Our analysis of terraces and pre-growth strata suggest a slip rate of 2.6+1.3/−0.4 mm/yr since terrace abandonment (250 ± 35 ka) and 1.7+0.6/−0.2 mm/yr since the early Pleistocene (2.14–1.8 Ma). Over a long time scale, our findings are consistent with other studies. Jiang et al. (2013) estimated crustal shortening of 54 and 24.6 km from a balanced cross-section of seismic reflection profile located 60 and 160 km, respectively, east of the study area (Figure 10). Cheng et al. (2017) estimated 34 ± 6 km of crustal shortening using the same seismic reflection profile as Jiang et al. (2013) 160 km east of the study area (Figure 10). Within this, 4 ± 2 and 23 ± 1 km of the shortening was absorbed by the Hotan anticline and Hotan detachment fault, respectively. Seismic reflection, well data, apatite fission track thermochronology, growth strata analysis and balanced cross sections indicate an initiation of thrusting in the Western Kunlun Mountains in the Early Miocene, ca. 23 Ma (Jiang et al., 2013; Jiang and Li, 2014; Cheng et al., 2017). Combined with the above shortenings and the initiation age of the early Miocene, a long-term crustal shortening rate is ∼2.3 mm/yr 60 km east of our study area (Figure 10), similar to our 2.6+1.3/−0.4 mm/yr rate since ca. 250 ka. At 160 km east of our study area, the long-term crustal shortening rate of ∼1.0 mm/yr or ∼1.5 mm/yr is lower than our results (Figure 10). This difference may reflect lateral variation of shortening rate or eastward weakening of tectonic deformation. The ratio of anticline shortening (4 ± 2 km) to slip along the upper fault flat (23 ± 1 km) is ∼1:6, consistent with our findings that only 13% of the slip is absorbed by the Guman fold, and 87% continues to pass forward along upper fault flat. Based on the seismic profile and the initiation age of deformation, Li et al. (2016, 2018) suggested that the minimum average slip rates along the fault ramp is 0.8–1.2 mm/yr (Figure 10). This is consistent with our findings from pre-growth strata, even though on the lower range.
[image: Figure 10]FIGURE 10 | Crustal shortening rate and slip rate studies in front of the Western Kunlun Mountain and Mazatagh Thrust.
In this research area, other evaluations of the deformation rates remain somewhat controversial due to interpretive models selection and uncertainties in the subsurface geometry. Guilbaud et al. (2017) extracted terrace elevation data from 20 m resolution SPOT and 30 m resolution SRTM DEMs over the terrace surfaces, and showed a fault ramp slip rate of 0.5–2.5 mm/yr based on excess-area conservation (Figure 10). The slip rate ranges widely and the excess-area conservation method may not be suitable for the Guman fold which is a type 2 fault-bend fold supported by our study and previous studies (Liang et al., 2012; Lu et al., 2016; Cheng et al., 2017; Guilbaud et al., 2017; Li et al., 2018). Avouac and Peltzer (1993) interpreted normal fault throw near Hotan (160 km east of our study area) as representative of the flexural subsidence of the Tarim Basin due to the over thrusting range. They estimated a minimum crustal shortening rate of 4.5 ± 3 mm/yr over the last ∼17 ka across the Western Kunlun (Figure 10). This value is greater than our results but must be considered with caution because Li et al. (2018) showed that the faults are bending-moment faults formed by tension above the anticline.
Based on fault-bend fold theory, the Guman fold shortening rate is 0.34+0.18/−0.06 mm/yr, consistent with the low strain of GPS sites north and south of the fold (Li et al., 2016). Researches show that the decadal geodetic rates based on GPS velocity profiles across faults are consistent with inferred long-term geological rates, because most of the elastic deformation takes place within the near-fault zone associated with locking depth (e.g., Savage and Burford, 1970; Meade and Hager, 2005; Zhang et al., 2007). Therefore, two GPS profiles span distances of at least 150 km on both sides of the Guman fold show no significant gradients, which may reflect structural deformation in the study area. Our result is also in the same order of magnitude as Pan (2008) who estimated the horizontal shortening rate of the Guman fold from area-balance theory (Epard and Groshong, 1993). From topographic profile, the height and width of the fold are 450 m and 20 km, respectively. Using a 14 km detachment depth (Xiao, 1996), the Guman fold has accommodated 300 m of shortening (Pan, 2008). Given initiation in the early Pleistocene (2.14–1.8 Ma; Liu et al., 2004; Wu et al., 2004), Pan (2008) proposed that the minimum shortening rate of Guman Anticline is 0.14–0.17 mm/yr.
Significance of Structural Deformation
Based on interpretation of seismic reflection profiles, three models for tectonic deformation in front of the Western Kunlun Mountains have been developed: structural wedge (Li et al., 2016), fault-propagation (Jiang et al., 2013) and fault-bend fold (Liang et al., 2012; Lu et al., 2016; Cheng et al., 2017; Guilbaud et al., 2017; Li et al., 2018). The comprehensive analysis of terrace deformation and subsurface structure is critical for differentiating between these models (e.g., Ishiyama et al., 2004; Ishiyama et al., 2007; Stockmeyer et al., 2017). We conclude that the growth mechanism of the Guman fold is kink-band migration from terrace deformation. By comparing the fold scarps and the subsurface geometry of the fold, we determine that the Guman fold is a type 2 fault-bend fold. From subsurface geometry of the fold revealed by the seismic profile, the Guman fold is likely in an early development phase. The length of the blind ramp supports that the Guman fold is a wide and shallow anticline on the surface. In this phase, the crest elevates with increasing fault slip and the topographic relief is a response to competition between folding and sedimentation (e.g., Shaw et al., 2004). The fold width continues to narrow before the end of crestal uplift stage (Figure 11).
[image: Figure 11]FIGURE 11 | Kinematic development of a fault-bend fold (Suppe, 1983; Shaw et al., 2004). (A) The fold is in the crestal uplift stage of growth, as fault slip is less than the ramp width. (B) Transition to crestal broadening stage when uplift stops and widening begins. (C) The fold crest widens with fault slip after the fault slip is greater than ramp width.
For a type 2 fault-bend fold that grows by kink-band migration, most of the slip will continue to pass forward along the upper fault flat. In the front of the Western Kunlun Mountain, we estimate a slip rate of 2.3+1.1/−0.4 mm/yr along the upper fault flat. The interpreted seismic profiles indicate that a detachment fault located at base of the Cenozoic sequence could be linked to the exposed Mazatagh Thrust located 200 km away in the hinterland of the Tarim Basin (Lu et al., 2016; Li et al., 2018). Based on the Pliocene strata and balanced cross sections, Pan et al. (2010) estimate a minimum shortening rate of 0.9 mm/yr for the Mazatagh Thrust. Considering that the distance of more than 200 km could consume part of the shortening rate, we propose that these two rates may be related and support a view that most of the crustal shortening of the Western Kunlun Mountain is transferred basinward and ultimately absorbed by the Mazatagh Thrust. This thrust fault is analogous to the low angle thrust structure in front of the Himalayas (Guilbaud et al., 2017). Although the Western Kunlun’s shortening rate is an order of magnitude lower than the Himalayan’s, large earthquakes are still possible in this area (Guilbaud et al., 2017).
CONCLUSIONS
We use terrace deformation and a high-resolution seismic reflection profile to establish a kinematic model of the Guman fold according to fault-bend fold theory. The fold’s deformation is explained as a fault-bend fold with lower flat-ramp-upper flat geometry (called “type 2 fault-bend fold” in this paper) that grows by kink-band migration and the underlying fault ramp dips 20 ± 4° to the south. From the T1c terrace deformation and the age west bank of the Pixina valley, we quantify the slip rate along the underlying fault ramp to be 2.6+1.3/−0.4 mm/yr since 250 ± 35 ka. Based on uplift of pre-growth strata across the fault ramp and the early Pleistocene initiation of deformation (2.14–1.8 Ma), the long-term slip rate along the underlying fault ramp is 1.7 +0.6/−0.2 mm/yr. According to the fault-bend fold theory, fault slip is not conserved across the fault-bend. For a type 2 fault-bend fold with fault dip of 20°, 87% of the slip will continue to pass forward along the upper fault flat and 13% will be absorbed by the fold above the fault ramp. Therefore, the shortening rate accommodated by the Guman fold is 0.34+0.18/−0.06 mm/yr, while the slip rate along the upper fault flat is 2.3+1.1/−0.4 mm/yr since the T1c terrace abandonment. This result explains why the GPS sites across the fold record little strain. The understanding gained in this study tends to support the view that most of crustal shortening of the Western Kunlun Mountains is transferred basinward along a detachment and is ultimately absorbed by the Mazatagh Thrust located 200 km away in the hinterland of the Tarim Basin.
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