
1. Introduction
In an orogenic belt-foreland basin setting, sediments from the mountain are transported downstream and accumu-
late in foreland basins. Sediments routing through the network of rivers display downstream grain size fining due 
to sorting and abrasion (Paola et al., 1992). A grain size transition from gravel to sand, termed the gravel-sand 
transition (GST; Ferguson et al., 1996), occurs in a short downstream distance from the sediment source. The 
GST is preserved in the stratigraphy of a sedimentary basin as the conglomerate-sandstone transition (CST; e.g., 
Dubille & Lavé, 2015). The position of the CST in a foreland basin succession is determined by basin subsid-
ence, sediment supply, and grain size (Allen et al., 2013; Armitage et al., 2011), and all these factors depend on 
the interactions of tectonics in the adjacent mountains and regional climate (Dingle et al., 2016, 2017; Duller 
et al., 2010; Quick et al., 2020). The propagation of the orogenic wedge toward to the foreland drives the fore-
landward migration of the coupled foreland basin system as well as sedimentary facies (Flemings & Jordan, 1989; 
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DeCelles & DeCelles, 2001; Dubille & Lavé, 2015; Sinclair et al., 1991). Hence, the migration of the CST in 
a foreland basin is primarily a result of crustal shortening between the orogenic wedge and the foreland basin, 
modulated by climate and lithology (e.g., Burbank et al., 1988; Dingle et al., 2016, 2017; Schlunegger & Nor-
ton, 2015). Previous studies attribute the progressive forelandward migration of the CST to orogenic tectonism, 
such as in the Ganga foreland basin (Dubille & Lavé, 2015; Quick et al., 2020) and the foreland basins on both 
sides of the Tian Shan (Charreau, Gumiaux, et al., 2009). Therefore, the evolution of the CST provides a potential 
proxy for long-term crustal shortening in an orogen-foreland basin system. This new proxy could complete the 
conventional means in quantitatively constraining the crustal shortening in orogen-foreland basin systems such 
as by studying active folding and faulting, constructing balanced cross sections, modeling growth of the contrac-
tional folds, and satellite geodetic surveys.

In this study, we provide the first documentation of the long-term (∼20 Myr) migration of the CST in a foreland 
basin setting and relate it to along-strike variations in crustal shortening. The data are from the southern Junggar 
foreland basin (Figure 1), north of the Tian Shan mountain range where high-quality seismic profiles and well 
log data have been acquired for hydrocarbon exploration over the past two decades. Dating of the Cenozoic 
successions is constrained by magnetostratigraphic investigations (e.g., Charreau et al., 2005; Charreau, Chen, 
et al., 2009; Lu et al., 2010). By reconstructing the position of the CST through time, we demonstrate how its 
migration responds to the propagation of the northern Tian Shan orogenic wedge relative to the Junggar block, 
and how this varies along the strike of the range.

2. Geological Setting
The Tian Shan in Central Asia is one of the largest active intracontinental orogenic belts in the world (e.g., Cawood 
et al., 2009). This east-west trending range originated from accretion of several island arcs and collision of several 
continental blocks in the Paleozoic (Charvet et al., 2011; Windley et al., 1990). In the Mesozoic, the Tian Shan 
was reactivated, probably in response to the accretion in the southern margin of the Eurasian plate, especially 
in the Tibetan area (Bullen et al., 2001), as attested by thermochronological studies (e.g., Dumitru et al., 2001; 
Jolivet et al., 2010; Jepson et al., 2018, 2021; Macaulay et al., 2013; Sobel et al., 2006) and sedimentary deposits 
in the foreland area (e.g., Hendrix et al., 1992). The present-day topography of the Tian Shan has been interpreted 
to be the result of late Cenozoic deformation caused by the India-Asia collision (Avouac et al., 1993; Dumitru 
et al., 2001; Li et al., 2019, 2020; Molnar & Tapponnier, 1975). Topographic growth of the range induced flex-
ural subsidence in the foreland basins on both sides of the Tianshan. On its northern side, the southern Junggar 
foreland basin contains an ∼5,000 m thick Cenozoic succession that is divided into the Ziniquanzi, Anjihaihe, 
Shawan, Taxihe, Dushanzi, and Xiyu Formations (Fms) in an ascending order (BGMRX, 1993). The Anjihaihe, 
Shawan, Taxihe, and Dushanzi Fms thin and onlap northward and constitute the main units of the foreland basin 
(Wang et al., 2013, Figure 1c). Sedimentary facies suggest that depositional environments in the basin changed 
from lacustrine in the Oligocene to fluvial-alluvial fan environment since late Miocene times (Figure S2 in Sup-
porting Information S1; BGMRX, 1993; Charreau, Gumiaux, et al., 2009).

3. Quantifying the Conglomerate-Sandstone Transition Migration
We study two near-north-south trending seismic reflection profiles across the foredeep of the southern Junggar 
foreland basin (Figure 1 and Figures S1, S5 in Supporting Information S1). Profile AA′, 23-km-long and 4-s-deep 
(Figure 2a), is located in the western part of the basin. Profile BB′, 30-km-long and 4-s-deep (Figure 2b), is 
located in the eastern part of the basin. Every reflector of these two profiles above the base of the Anjihaihe Fm 
displays two distinct styles of seismic phases: high amplitude, semicontinuous, and hummocky to the south and 
high amplitude and continuous to the north (Figures 2a and 2b). Based on well log data and our field observations 
on the position of the gravel-sand transition in the modern rivers (Figure 1b), we interpret that the southern semi-
continuous and hummocky phase represents amalgamated gravelly channel deposits, and the northern continuous 
phase represents sandstone-dominated channel and floodplain deposits (e.g., He et al., 2005; Charreau, Gumiaux, 
et al., 2009). Therefore, the contrast in the style of seismic phases is interpreted as an indicator of lithology change 
marking the CST of a sedimentary layer.
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Figure 1. (a) Location of the northern Tian Shan mountain range within the India-Asia collision system. (b) Thickness contours (unit: m) of the Neogene successions 
in the southern Junggar foreland basin (Lv, 2005). Locations of profile AA′ and BB′ (Figures 2a and 2b) are marked by the thick dark blue lines and locations 
of Figure 1c and Figures S1, S2, S3, and S5 in Supporting Information S1 are marked by the thin dark blue lines. The purple, yellow, and blue stars mark the 
magnetostratigraphic sections from Charreau et al. (2005); Charreau, Chen, et al. (2009) and Lu et al. (2010), respectively. Southern Junggar foreland fold-thrust belt 
(SJFFTB) is an abbreviation for the southern Junggar foreland fold-thrust belt. (c) A seismic profile across the southern Junggar foreland basin (modified from Wang 
et al., 2013) shows that the Shawan, Taxihe, Dushanzi, and Xiyu Formations form a typical foreland sedimentary prism.
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We locate the CST for each seismic reflector in the two profiles. We recognize 44 seismic reflectors in profile 
AA′, named R1 through R44 in ascending order (Figure 2a and Figure S1, Table S1 in Supporting Informa-
tion  S1). Reflectors R1–R10, R11–R17, and R18–R45 occur in the Shawan, Taxihe, and Dushanzi Fms, re-
spectively (Figure 2a). The seismic phase contrast decreases to a level that cannot be identified from the upper 
Dushanzi Fm and the lower Xiyu Fm (Figure 2a). Four continuous parallel reflectors in the uppermost Xiyu 
Fm extend to the southern boundary of profile AA′, which may correspond to the Quaternary eolian beds in the 
northern front of the Tian Shan (Figure S4 in Supporting Information S1; Fang et al., 2002).

For profile BB′, we track 37 subparallel reflectors from the lower Dushanzi Fm to the middle Xiyu Fm, named 
H1 through H37 in ascending order to identify the CSTs (Figure 2b and Figure S5, Table S2 in Supporting Infor-
mation S1). Yet, the top layer of the Xiyu Fm is not completely imaged in this profile.

We estimate the CST migration distance toward to the north (Figure 2). Since profiles AA′ and BB′ trend oblique-
ly with respect to the strike of the northern Tian Shan range (Figure 1b), we project the distance of the CST 
migration in the direction perpendicular to the trend of the range (Figures 3a and 3b) to obtain the migration of 
the CSTs relative to the range. For profile AA′, the CST overall migrated 6.8 ± 0.5 km northward perpendicular 
to the range, from R2, the bottom of the Shawan Fm to R43, the top of the Dushanzi Fm. It is also noted that six 

Figure 2. Interpreted near-north-south trending seismic profile AA′ (a) and BB′ (b) in the southern Junggar foreland basin. See Figure 1b for locations. See the original 
seismic profiles in Figures S1 and S5 in Supporting Information S1. The purple dashed lines indicate the traces of the conglomerate-sandstone transitions (CSTs) in 
deposit layers of the basin-fill. The green vertical lines marked the reference lines in the profiles. The horizontal resolution of these profiles is 0.1 km. The seismic 
phase transition between high amplitude, semicontinuous, hummocky phase and high amplitude, continuous phase occurs over a zone with a maximum width of 0.5 km. 
The formations’ boundaries in the seismic profile are determined based on well logging data and outcropping geology near the profiles, and previous interpretations of 
seismic profiles in the basin (e.g., Qiu et al., 2019).
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episodes of southward retreat are superimposed on the overall northward mi-
gration (Figure 3a). For profile BB′, the CST migrated 10.0 ± 0.5 km north-
ward perpendicular to the range, from H17 in the middle Dushanzi Fm to 
H33 in the lower Xiyu Fm.

Recent magnetostratigraphic studies of the Cenozoic strata in the south-
ern Junggar foreland thrust-fold belt provide a chronostratigraphic frame-
work (Figure  1b; Charreau et  al.,  2005; Charreau, Chen, et  al.,  2009; Lu 
et  al.,  2010). The Kuitun river (Charreau et  al.,  2005) and Taxi river (Lu 
et al., 2010) sections are closest to profiles AA′ and BB′, respectively (see 
location in Figure  1), and have several reliable anchoring points. We cor-
relate the late Cenozoic strata imaged by profiles AA′ and BB′ (Figure 2) 
with those in the nearest magnetostratigraphically dated sections (Charreau 
et al., 2005; Charreau, Chen, et al., 2009; Lu et al., 2010) to assign an age for 
each recognized seismic reflector (see details in Supporting Information S1). 
The bottoms of the Shawan, Taxihe, Dushanzi, and Xiyu Fms in profile 
AA′ are dated at ∼23.6, ∼20.1, ∼16, and ∼4.7 Ma, respectively (Charreau 
et  al.,  2005; Charreau, Chen, et  al.,  2009; Figure 2a). The bottoms of the 
Dushanzi and Xiyu Fms in profile BB′ are dated at ∼5.2 and ∼2.1 Ma, re-
spectively (Lu et al., 2010, Figure 2b). Assuming a constant sedimentation 
rate between two consecutive reflectors in one formation since the same for-
mation shares a quasi-equal seismic wave velocity (Onajite, 2014), the age 
of all recognized seismic reflectors in the Shawan thorough Xiyu Fms were 
interpolated (Tables S1 and S2 in Supporting Information S1).

To examine spatial and temporal variations of the CSTs, we plot the projected 
positions (p) of the CSTs and their ages (t; Figures 3a and 3b). The linear-re-
gression analysis of the CSTs from profile AA′ (Figure 3a) yields:

𝑝𝑝 = 9.112 − 0.36𝑡𝑡𝑡 𝑡𝑡2
= 0.98. (1)

The linear-regression analysis of the CSTs from profile BB′ (Figure  3b) 
yields:

𝑝𝑝 = 12.475 − 4.03𝑡𝑡𝑡 𝑡𝑡2
= 0.98. (2)

These results suggest that the CST migrated to the north in the direction 
perpendicular to the northern Tian Shan at a rate of 0.4 ± 0.1 mm/yr dur-
ing the period from ∼23 to ∼6 Ma based on profile AA', and at a rate of 
4.0 ± 1.2 mm/yr during the period from ∼3.1 to ∼0.7 Ma based on profile 
BB' (see details of migration rate uncertainty calculation in the Supporting 
Information S1). The deviation of a CST from the regression line is obtained 
by subtracting the linear-regression predicted positions from the correspond-
ing observed positions. The positive deviation indicates more northward ad-
vance of a CST than their predicted positions; and the negative value means 
southward retreat of a CST with respect to the predicted ones (Figure 4).

4. Discussion
4.1. Implications for Cenozoic Growth of the Northern Tian Shan

Our results demonstrate that the two CSTs in this study migrated northward 
in the northern Tian Shan foreland basin system at steady rates since the early 

Miocene. The CSTs migrated at a rate of 0.4 ± 0.1 mm/yr along 84°E from ∼23 to ∼6 Ma and 4.0 ± 1.2 mm/yr 
along 87°E from ∼3.1 to ∼0.7 Ma (Vmc in Figure 3c). These steady rates suggest a long-term (106 year-timescale) 
stability of the geological process responsible for their migration. The dominant process controlling the migration 
of the CSTs is the forelandward propagation of the northern Tian Shan orogenic wedge (e.g., Avouac et al., 1993; 

Figure 3. The linear-regression models of the projected positions (p) of the 
conglomerate-sandstone transitions (CSTs) along the direction perpendicular 
to the northern Tian Shan and their ages (t) from profile AA′ (a) and BB′ (b). 
Observed positions of the CSTs are indicated by the light blue solid lines, and 
the deep blue dashed lines mark the fitted lines. The black crosses indicate the 
uncertainties of p and t. (c) Schematic sketch of the relationship of the CST 
migration rates (Vmc) and the shortening rate of the thrust front relative to the 
foreland basin basement (Vs) in the northern Tian Shan orogen-foreland basin 
system. The sketch also shows that the tectonic load of the northern Tian Shan 
drives the flexural subsidence in the foreland basin.
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Wang et al., 2013). The analyses of the structural geometry and kinematics of the southern Junggar foreland fold-
thrust belt (SJFFTB) also reveal the gradual northward thrusting of the orogenic wedge since early Miocene (e.g., 
Avouac et al., 1993; Qiu et al., 2019). Based on the deformation of the Neogene strata in the south of the basin 
and its thinning at the mountain front (Figure 1c and Figures S1, S5 in Supporting Information S1), this thrusting 
has been ongoing throughout accumulation of the CSTs. Hence, these constant rates suggest a long-term (106 
year-timescale) flux steady state system (Willett & Brandon, 2002) in response to continuous crustal shortening 
across the northern Tian Shan (Figure 3c). Therefore, we consider the migration rates of the CSTs (Vmc in Fig-
ure 3c) as a proxy for shortening of the northern Tian Shan thrust front relative to the Junggar Basin basement 
(Vs in Figure 3c) assuming a steady state orogenic wedge-foreland basin system (Armitage et al., 2011; Burbank 
et al., 1988; Dubille & Lavé, 2015; Sinclair & Naylor, 2012).

Figure 4. Deviations between the measured conglomerate-sandstone transition (CST) positions and the predicted ones 
in the southern Junggar foreland basin infill (dark blue dotted line) with lowness smooth shown in the black solid curve, 
atmospheric CO2 reconstructions from boron isotopes (purple solid curve) (Rae et al., 2021), pedogenic carbonates δ18O 
from the Junggar Basin (light blue solid line) (Caves Rugenstein & Chamberlain, 2018; Charreau et al., 2012), pedogenic 
carbonate δ13C from the northern Central Asia (pink solid curve) (Caves Rugenstein & Chamberlain, 2018), and surface 
temperature variations estimated from the global deep-sea oxygen isotope record (yellow solid line) since ∼24 Ma 
(Westerhold et al., 2020). Temperatures in the northern Central Asia are derived from data collected in Mongolia, Junggar 
Basin, Kazakhstan, and Kyrgyzstan (Caves Rugenstein & Chamberlain, 2018). The light green bands highlight the periods 
with inverse correlations between the deviations and atmospheric CO2 variations. SMOW—standard mean ocean water; 
VPDB—Vienna Peedee belemnite.
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Nevertheless, there is an order of magnitude difference in the migration rates between profile AA′ and BB′, which 
disagrees with the observed eastward decrease in shortening in the northern Tian Shan (Avouac et al., 1993; 
Wang & Shen, 2020). This discrepancy is possibly related to the tectonics in the northern margin of the Tian 
Shan, considering that there is no significant change in sedimentation rates in the basin from ∼6 to ∼3 Ma (Char-
reau et al., 2005; Charreau, Chen, et al., 2009). The northern Tian Shan is bounded by the Dzungarian right-lat-
eral strike-slip fault (BGMRX, 1993; Campbell et al., 2013; Hu et al., 2021) to the west of ∼83°30′E and by the 
SJFFTB to the east of ∼83°30′E (Figure 1b; BGMRX, 1993). Profile AA′ is located near the junction between the 
Dzungarian fault and the SJFFTB, implying that the contractional structures in the western northern Tian Shan 
solely absorbed a portion of the shortening that was partitioned during transpressional tectonism (Figure 1b). In 
contrast, profile BB′ lies near the middle segment of the SJFFTB; the contractional structures in this segment rep-
resent the total shortening of the thrust wedge (Qiu et al., 2019). Therefore, it is feasible that the CST migration 
rate derived from profile BB′ is an order of magnitude higher than that from profile AA′; and we conclude that 
the rate from profile BB′ represents the first-order, long-term shortening between the northern Tian Shan thrust 
front and the Junggar Block. The rate from profile BB′ is comparable to the average Quaternary shortening rate of 
the middle segment of the thrust-fold belt, 3.9 ± 0.4 mm/yr, based on balanced section studies (Qiu et al., 2019; 
see location in Figure 1b) and the shortening rate of the modern northern Tian Shan along 87°E, 4.0 ± 1.4 mm/
yr, from geodetic measurements (Yang et al., 2008).

4.2. Climatic Impacts on CST Migration

The variations of the measured CST positions relative to the linear regression suggest other processes superim-
posed on the tectonically driven, long-term northward migration of the CSTs. The deviation is qualitatively sim-
ilar to the patterns of global atmospheric CO2 and surface temperature variations over the past 23 million years 
(Rae et al., 2021; Westerhold et al., 2020; Figure 4).

The deviation positively correlates with global atmospheric CO2 and temperature variations before ∼6 Ma but 
negatively with atmospheric CO2 changes after ∼3 Ma (Figure 4). The different correlations could be related to 
the different agents of sediment transport and physical erosion in the northern Tian Shan before and after the 
late Miocene. Before ∼6 Ma, northern Hemisphere ice sheets have not fully established (Westerhold et al., 2020; 
Zachos et al., 2001). In this stage, the stable alpine glaciers in the northern Tian Shan range had not formed, so 
the fluvial system could be the dominant agent of sediment transport (Charreau et al., 2011). The positive peak 
of the deviation during ∼14–17 Ma coincides with the Middle Miocene Climatic Optimum (Figure 4; Zachos 
et al., 2001), enhancement of precipitation in the northern Tian Shan during ∼14–17 Ma as revealed by the for-
est environment (Ye et al., 2012), and the increase in both oxygen and carbon isotopic values of the lacustrine 
sediments during this period (Charreau et al., 2012). The enhanced moisture supply carried by Westerlies and 
Asian Monsoon can induce hydrological changes and enhanced incision (e.g., Malatesta et al., 2018) to advance 
the CSTs further northward than the predicted ones when atmospheric CO2 and temperature rose before ∼6 Ma. 
The strong alpine glacier erosion appeared in the northern Tian Shan in the Quaternary, as revealed by a tran-
sient increase in the physical erosion rates at the onset of Quaternary glaciations (Charreau et al., 2011). The 
CST position hence was significantly affected by glacier erosion after ∼3 Ma since the glacier erosion became 
the dominant erosion agent (Malatesta et al., 2018). The widespread glaciation can drive higher rates of erosion 
and sediment production than fluvial erosion to advance the CST further northward than the predicted ones (Shi 
et al., 2006; Shuster et al., 2005; Figure S7 in Supporting Information S1) when the glaciers expanded as atmos-
pheric CO2 and temperature dropped after ∼3 Ma.

The deviation is also consistent with the lacustrine carbonate stable oxygen isotope data (δ18O) from the Junggar 
Basin (Figure 4; Caves et al., 2017; Charreau et al., 2012) and is in opposite phase with the pedogenic stable 
carbon isotope one (δ13C) from the northern Central Asia (Caves Rugenstein & Chamberlain, 2018).The consist-
ency of the deviation with the stable oxygen and carbon isotope data in this region supports the secondary role of 
atmospheric CO2 and temperature variation on the control of CST migration considering that atmospheric circu-
lation in the northern Central Asia is tightly controlled by global climate in the late Cenozoic (Caves et al., 2017).

This phenomenon suggests that the second-order CST migration in the basin was probably regulated by climate 
changes. Other influencing factors on the migration of the CST are deemed minor and cannot be qualitatively 
distinguished.
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5. Conclusions
The two seismic profiles in the southern Junggar foreland basin show that the CSTs in the basin-fill migrated 
northward at a rate of 0.4 ± 0.1 mm/yr along the longitude of 84°E from ∼23 to ∼6 Ma and at 4.0 ± 1.2 mm/
yr along 87°E from ∼3.1 to ∼0.7 Ma. The rates approximate the long-term shortening rates in the northern Tian 
Shan orogen-foreland basin system. An order of magnitude difference between these two rates along the eastern 
and western profiles indicates the lateral variations of the strain allocation between the north-south shortening 
and the northwest dextral strike-slip faulting along the range. Temporal deviations in the CST positions are qual-
itatively comparable to variations in atmospheric CO2 and surface temperatures over the past ∼23 million years, 
implying that the second-order CST migrations are likely regulated by climatic changes.

Data Availability Statement
The original seismic data supporting this research are owned by the China National Petroleum Corporation 
(CNPC) with commercial restrictions and is not accessible to the public or research community. The high-res-
olution seismic profiles used in this study can be accessed via: https://doi.org/10.6084/m9.figshare.18218120.
v2. The python code for linear-regression analysis and lowness smooth is archived at https://doi.org/10.6084/
m9.figshare.18218120.v2.
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