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ABSTRACT:
The conglomerate-sandstone transition in a foreland basin-fill is controlled by tectonics and climate, and can act as an
alternative shortening indicator in the orogen-foreland basin system. Two seismic profiles across northern Tian Shan
foreland basin image the Cenozoic sedimentary succession, providing an opportunity to quantify the evolution of the
transition in the foreland basin with the growth of the orogenic belt. We identified the horizontal position of the transitions
along each seismic reflector among the basin-fill relative to the basin basement according to the seismic character of these
two seismic profiles, on basis of distinct seismic phases of these two types of deposits. The ages of these reflectors are
determined by correlating them with magnetostratigraphic sections. The linear regression model between positions and ages
of the transitions indicate that the transitions migrated northward at a rate of ~0.36 mm/yr along 84°E during 23–6 Ma, and
at ~4.03 mm/yr along 87°E during 3.1–0.7 Ma. The migration rates contain the lateral propagation of northern Tian Shan
and the crustal shortening. The deviations between the observed and predicted positions of the transition demonstrate six
cycles of climate oscillations during 23–6 Ma, and four cycles during 3.1–0.7 Ma in northern Tian Shan. The average cycle

since the Pliocene became shorter, consistent with a change from a stable climate to one with frequent, high-amplitude
variations occurring since the Quaternary based on the Oxygen stable isotope record.
KEYWORDS: conglomerate-sandstone transition, southern Junggar foreland basin, northern Tian Shan, shortening,
seismic profiling
INTRODUCTION
Sediment from active mountain ranges fines downstream due to size-selective sorting and abrasion into sediment
routing systems, and accumulates in sedimentary basins ultimately (e.g., Paola et al., 1992; Allen and Heller, 2012). The
transition in sediment grain sizes, from gravel to sand over a short downstream distance, is termed the gravel-sand transition
(GST) (Ferguson et al., 1996). The GST is archived in a sedimentary basin as a conglomerate-sandstone transition (e.g.,
Dubille and Lavé, 2015). Positions of conglomerate-sandstone transitions in a foreland basin succession are determined by
basin subsidence rates, sediment supplies and geomorphic conditions, and all these factors depend on tectonic or climatic
forcings in the adjacent orogen (Dingle et al., 2017). Hence, the conglomerate-sandstone transitions in a foreland basin are
moving boundaries that migrate in response to the shortening forcing in the foreland basin-orogen system as well the
climatic one (e.g., Burbank et al., 1988; Rohais et al., 2012; Schlunegger and Norton, 2015; Dingle et al., 2016). For
example, the progressive forelandward migration of the conglomerate-sandstone transitions through time driven by the
orogeny was observed in the Ganga foreland basin (Dubille and Lavé, 2015) and the foreland basins to both sides of Tian
Shan (Charreau et al., 2009a). Hence, quantifying of spatial-temporal evolution of the transitions provides an alternative
method to constrain shortening in a foreland basin-orogen system, besides thrusting and folding (e.g., Avouac et al., 1993;
Qiu et al., 2019), and migration of the coupled foreland basins (e.g., Naylor and Sinclair, 2008; Wang et al., 2021). The key
to implementing the method is constraining the accurate positions and ages of transitions in the foreland basin-fill.
The late Cenozoic strata in foreland basins to both sides of Tian Shan (Fig. 1) are characterized by radical grain size
transitions from sandstone to conglomerate in upwards coarsening fluvial successions (Zhou et al., 1988; Zhang et al.,
2001). The transition is interpreted as a diachronous facies transition resulted from the propagation of the thrust wedge and
the crustal shortening (Charreau et al., 2009a). For nearly two decades, voluminous high-quality seismic profiles and well

data have been acquired for hydrocarbon exploration in southern Junggar foreland basin (Fig. 1b) where ages of the
Cenozoic strata have been well constrained by magnetostratigraphic studies (e.g., Charreau et al., 2009b，Lu et al., 2010).
These works provide bases for deciphering the filling process of the foreland basin with the growth of Tian Shan, and
understanding the roles of tectonics and climatic change in this process. Here, we present two northeast-trending seismic
profiles across southern Junggar foreland basin (Figs. 1 and 2). They show that almost each seismic reflector in the late
Cenozoic strata has a seismic phase transition, which corresponds to the conglomerate-sandstone transition in the basin-fill
based on well logging data and field observations. We correlated the seismic reflectors to the nearest magnetostratigraphic
ages (Charreau et al., 2009b，Lu et al., 2010). A linear regression model of positions and ages of the transitions
demonstrates its northward migration rate representing the propagation of northern Tian Shan and the crustal shortening.
The observed deviations from the model could represent the climatic oscillations in the northern Tian Shan area.
GEOLOGICAL SETTING
The Indian-Asian Collision caused the rejuvenation of Paleozoic Tian Shan in central Asia (Windley et al., 1990;
Avouac et al., 1993) to form a Cenozoic intracontinental orogen (Fig. 1). Building up of the range induced flexural
subsidence of the foreland basins to its both sides. The southern Junggar foreland basin north of the range contains an
~5,000 m thick Cenozoic succession, which is divided into the Ziniquanzi, Anjihaihe, Shawan, Taxihe, Dushanzi and Xiyu
Formations in an ascending order (BGMRX, 1993), the upper four formations of which thin northwards (Wang et al., 2013).
Sedimentary environments in the basin changed from lacustrine in the Oligocene to fluvial-alluvial fan since the late
Miocene (BGMRX, 1993; Charreau et al., 2009a). Well data reveal continental fluvial plain and intermittent diluvial fan
during deposition of the Dushanzi Formation, flood plain and fluvial fan during deposition of the Xiyu Formation (Fig. S4).
SEISMIC DATA
The AA' seismic reflection profile, 23-km-long and 4-second-deep (Fig. 2a), crosses the western part of the southern
Junggar foreland basin (Fig. 1); the BB' profile, 30-km-long and 4-second-deep (Fig. 2b), crosses the eastern part of the
basin. They show that each reflector above the base of the Anjihaihe Formation has two style of seismic phases: high
amplitude, semi-continuous, and hummocky to the south, and high amplitude and continuous to the north(Fig. 2a and b),

which are generally interpreted as different lithologies (He et al., 2005). The former represents the alluvial gravel deposits
in front of the range; and the latter stands for finer-grained deposits mainly composed of sandstone. Well data and our field
observations of modern fluvial sediment (Fig. 1) testified that the seismic phase transition of each reflector corresponds to
the conglomerate-sandstone transition of a deposit layer in the basin-fill, which is consistent with the interpretation of the
identical seismic phase transition in the southern Tian Shan foreland basin (He et al., 2005; Charreau et al., 2009a).
LOCATING CONGLOMERTE-SANDSTONE TRANSITONS
We tracked all the seismic reflectors in the profiles for locating the horizontal position of the seismic phase transition of
each reflector, which represents the position of the conglomerate-sandstone in each layer of the basin-fill. The lowest
seismic phase transitions in profiles AA' and BB' are used as referencing lines for locating the transition.
We recognized 44 seismic reflectors in profile AA', named R1 through R44 in an ascending order (Figs. 2a and S1;
Table S1). Reflectors R1–R10, R11–R17 and R18–R45 occur in the Shawan, Taxihe and Dushanzi Formations, respectively
(Fig. 2a). From R2, the bottom of the Shawan Formation to R43, the top of the Dushanzi Formation, the seismic phase
transitions migrate ~7.64 km northward, but it backstepped to the south six times. Considering the angle between the
direction of profile AA’ and the trend of Tian Shan is ~62°, we projected displacements of the conglomerate-sandstone
transitions in the direction perpendicular to Tian Shan (Table S1; Fig. 3a) to retrieve migration of the transitions relative to
the range. The impedance difference between rocks to the south and north sides of the transitions from the upper Dushanzi
Formation to the lower Xiyu Formation decreases to a level that cannot be detected (Fig. 2a). Four continuous parallel
reflectors in the most-upper Xiyu Formation extend to the southern boundary of the profile, which may correspond to
Quaternary eolian beds in the northern front of Tian Shan (Fig. S4; Fang et al., 2002).
In profile BB', we tracked 37 sub-parallel reflectors from the lower Dushanzi Formation to the middle Xiyu Formation,
named H1 through H37 in an ascending order (Figs. 2b and S5). The seismic phase transition occurs from H17 to H33 in the
middle Dushanzi Formation through the lower Xiyu Formation (Table S2). The transitions migrate ~12.32 km northward.
The upper Xiyu Formation is not imaged completely in the seismic profile. We also projected displacements of the

transition in profile BB' to the direction perpendicular to Tian Shan (Table S2; Fig. 3b), due to the angle of ~54° between
the direction of the profile and the trend of Tian Shan.
AGE CONTROL OF SEISMIC REFLECTORS
Magnetostratigraphic studies (Charreau et al., 2009a; 2009b) reveal that the bottom ages of the Xiyu and Dushanzi
Formations along northern Tian Shan are significantly diachronous. Therefore, we assigned ages of the late Cenozoic strata
in profile AA' or BB' (Fig. 2) by correlating them with the nearest magnetostratigraphic sections, respectively. Assuming a
constant sedimentation rate representing any two consecutive reflectors, ages of all seismic reflectors in the Shawan
Formation through the Xiyu Formations were interpolated (Table S1 and Table S2).
MIGRATION OF CONGLOMERATE-SANDSTONE TRANSITIONS
We quantified the relationship between the positions (y) and ages (x) of the transitions by establishing their linear
regression model (Fig. 3a and b). For profile AA', the regression equation is y = 9.112 - 0.358x, R2 = 0.98, demonstrating
that the conglomerate-sandstone migrated ~6.75 km northward at a rate of ~0.36 mm/yr during 23–6 Ma (Vmc in Fig. 3d).
We calculated the deviations between the observed and predicted positions of the transitions in the model. The positive
deviations indicate that the observed positions are located on the north side of the predicted ones, and the negative value
means the opposite (Fig. 3). There are six cycles of the deviation values of the transitions in profile AA' during 23–6 Ma
(Fig. 4), with an average cycle of ~3.0 Myr.
For profile BB', the regression equation is y = 12.804 - 4.121x, R2 = 0.98 (Fig. 3b), revealing that the transitions
migrated ~10.0 km northward at a rate of ~4.03 mm/yr during 3.1–0.7 Ma (Vmc in Fig. 3d). There are four cycles of the
deviation between the observed and predicted positions of the transitions during 3.1–0.7 Ma (Fig. 4), with an average cycle
of ~0.5 Myr.
DISCUSSION
These two seismic profiles across the southern Junggar foreland basin show that seismic reflectors among late Cenozoic
strata are characterized by the seismic phase transition along each reflector, which demonstrates a significant impedance
contrast between rocks to the north and south of the transition, resulting from different lithologies. Our field observations

and well data in the active basin indicate that the seismic phase transition of a seismic reflector corresponds to the
conglomerate-sandstone of a sedimentary layer (He et al., 2005; Charreau et al., 2009b). Profiles AA' and BB' reveal that
the transitions in the basin migrated northward at a million-year scale, but oscillated several times in the north-south trend in
a short term (Figs. 3 and 4). The linear regression between the positions and ages of the transitions recognized from these
profiles indicates that the GST migrated at a constant rate of ~0.36 mm/yr along 84°E during 23–6 Ma and ~4.03 mm/yr
along 87°E during 3.1–0.7 Ma. The deviations between the observed and predicted positions of the transitions show six
cycles during 23–6 Ma and four cycles during 3.1–0.7 Ma.
Research on downstream grain size fining trends in sedimentary basins reveals that the position of a GST is controlled
by basin subsidence rates, sediment supplies and geomorphic conditions (Paola et al., 1992; Dingle et al., 2017). These
factors in an orogen-foreland basin system are mainly determined by orogenesis (Davis et al., 1983; DeCelles and Giles,
1996). The horizontal displacement of the orogenic wedge relative to the basin basement drives the forelandward
progressive progradation of the GST (DeCelles and DeCelles, 2001; Naylor and Sinclair, 2008), which is archived as
conglomerate-sandstone in the basin. This indicates the migration rate of the conglomerate-sandstone transitions through
time is the same with the foreland basin at a million-year-time scale (Vmc = Vmf in Fig. 3d) without major tectonic change
(Dubille and Lavé, 2015; Schlunegger and Norton, 2015). The migration rate of the transition contains the lateral
propagation and crustal shortening rates of the orogenic wedge (Fig. 3d; DeCelles and DeCelles, 2001). Therefore, it
represents the sum of the lateral propagation rate of northern Tian Shan (Vp in Fig. 3d) and the absorbed crustal shortening
rate (Vs in Fig. 3d). In the front of northern Tian Shan, shortening rates derived from local structure analyses are of a wide
range (e.g., Avouac et al., 1993; Qiu et al., 2019), and are different from the migration rate of the transition. The reason for
this difference is that the former cannot represent the propagation of the orogenic wedge but a local structure, the latter does
the shortening rate of the orogen-foreland basin system. The GPS data observed during the past 25 years demonstrate that
3.2±1.0 mm/yr of crustal shortening is absorbed by Tian Shan along ~87°E (Wang and Shen, 2020), less than the migration
rate of the transition in profile BB', ~4.03 mm/yr. The difference should be the lateral propagation rate of northern Tian
Shan (Vp), 0.8±1.0 mm/yr.

At a thousand-year to hundred-thousand-year-time scale, dominant agents of sediment transportation and landscape
evolution in the orogenic belt alternate between glacier erosion and fluvial erosion due to climatic oscillations (Deal and
Prasicek, 2020; Mariotti et al., 2021). The widespread glaciation can drive higher rates of erosion and sediment production
than fluvial erosion in a cold period (Shuster et al., 2005). In a warm period, the glacier terminus retreats a few tens
kilometers upstream toward the hinterland, which decreases a sediment supply (e.g., Malatesta et al., 2018) and the slop of
river longitudinal profile (Deal and Prasicek, 2020). These variations can substantially affect the median grain size, the
fining rate of riverbed sediments along a longitudinal river, and change positions of GSTs (Paola et al., 1992; Rohais et al.,
2012; Dingle et al., 2016). These climate oscillations can cause GSTs in the foreland basin to move back and forth. In
northern Tian Shan, the glacier terminus moved toward the hinterland ~20 km relative to the position of the frontal moraine
deposited in the Last Glacial Maximum (Fig. S6; Shi et al., 2006), which could cause the GST to migrate to the hinterland.
Accordingly, we propose that the deviations between the observed and predicted positions of the conglomerate-sandstone
transitions along profiles AA' and BB' is caused by the climatic oscillations in northern Tian Shan. The variation of the
deviations suggests six climate cycles during 23–6 Ma, and four cycles during 3.1–0.7 Ma in northern Tian Shan (Fig. 4).
The average cycle became shorter since the Pliocene, which is consistent with a change from a stable climate to one with
frequent, high-amplitude variations since the Quaternary based on the deep-sea benthic foraminifer 13C and 18O records
(Zachos et al., 2001; Westerhold et al., 2020).
A tectonic pulse could also cause backstepping of GSTs by increasing subsidence in the foreland basin paired with
channel steepening of the erosional hinterland (Whipple et al., 2004), which has been detected in the Molasse basin with a
low lithospheric elastic thickness of 7~15 km and a short wavelength of deflection across the basin (Schlunegger and
Norton, 2015). However, the constant migration rate of the GSTs (Fig. 3) and low-temperature thermochronology do not
reveal any dramatic tectonic pulse in northern Tian Shan to cause backstepping of the depocenter of the southern Junggar
foreland basin (Charreau et al., 2011) with a high lithospheric elastic thickness ~50 km (Jiang, 2014).
The cycles of the deviations of the conglomerate-sandstone imaged by seismic profiles and the cycles of the erosion
rates in northern Tian Shan share the same frequency over the last 10 Myr, but there is a lag time of 0.2–0.4 Myr between

them (Charreau et al., 2011; Fig.4). It may reflect the lag of gravel from the bedrock source to the foreland basin sink (Allen
and Heller, 2012).
CONCLUSION
The two seismic profiles across the southern Junggar foreland basin show that the conglomerate-sandstone transitions in
the basin-fill migrates forelandward at ~0.36 mm/yr along 84°E during 23–6 Ma, and migrated at ~4.03 mm/yr along 87°E
during 3.1–0.7 Ma. The deviations between the observed and predicted positions of the transitions suggest six cycles of
climatic oscillations during 23–6 Ma and four cycles during 3.1–0.7 Ma in northern Tian Shan area.
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Fig. 1. (a) Location of the modern Tian Shan intracontinental orogen within the India-Tibet collision system. (b) Geological
sketch and thickness contours (unit: m) of the Cenozoic successions in the southern Junggar foreland basin (BGMRX,
1993). Locations of Figs. 2a, 2b are marked by the dark blue thick lines, and locations of Figs. S1, S2, S3 and S4 are
marked by the dark blue thin lines. Yellow dots represent drill holes. Stars mark the magnetostratigraphic sections.

Fig. 2. Interpreted seismic profile AA' (a) and BB' (b) across the southern Junggar foreland basin. See Fig. 1b for locations.
The purple dashed lines indicate the traces of the conglomerate-sandstone transitions in deposit layers of the basin-fill. The
green vertical lines are the reference line in the profiles. The formations’ boundaries in the seismic profile are determined
based on well logging, outcrop data near the profiles, and previous interpretations of seismic profiles in the basin (e.g. Qiu
et al., 2019).

Fig. 3. The linear regression models of the positions and ages of the conglomerate-sandstone transitions in profile AA' (a)
and BB' (b). Observed positions of the transitions are indicated by the light blue solid lines, and the deep blue dashed lines
marked the fitted lines. (c) Schematic sketch of the relationship of the migration rates of the conglomerate-sandstone
transition (Vmc) and the foreland basin (Vmf), the rate of lateral propagation of the orogenic wedge (Vp) and the crustal
shortening rate (Vs) in the orogen-foreland basin system.
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Fig. 4. Deviations between the observed and predicted positions of the conglomerate-sandstone

3

transitions in the basin infill of the southern Junggar foreland basin (dark blue solid lines), erosion
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rates in the hinterland area of the orogen (gray shadow) (Charreau et al., 2011) and global deep-
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sea oxygen isotope record (black and red solid lines) (Zachos et al., 2001; Westerhold et al., 2020)
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since 25 Ma.
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