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ABSTRACT: Quantifying glacial erosion contributes to our understanding of landscape evolution and topographic relief production
in high altitude and high latitude areas. Combining in situ 10Be and 26Al analysis of bedrock, boulder, and river sand samples, geo-
morphological mapping, and field investigations, we examine glacial erosion patterns of former ice caps in the Shaluli Shan of the
southeastern Tibetan Plateau. The general landform pattern shows a zonal pattern of landscape modification produced by ice caps
of up to 4000 km2 during pre-LGM (Last Glacial Maximum) glaciations, while the dating results and landforms on the plateau surface
imply that the LGM ice cap further modified the scoured terrain into different zones. Modeled glacial erosion depth of 0–0.38m per
100 ka bedrock sample located close to the western margin of the LGM ice cap, indicates limited erosion prior to LGM and Late Gla-
cial moraine deposition. A strong erosion zone exists proximal to the LGM ice cap marginal zone, indicated by modeled glacial ero-
sion depth >2.23m per 100 ka from bedrock samples. Modeled glacial erosion depths of 0–1.77m per 100 ka from samples
collected along the edge of a central upland, confirm the presence of a zone of intermediate erosion in-between the central upland
and the strong erosion zone. Significant nuclide inheritance in river sand samples from basins on the scoured plateau surface also
indicate restricted glacial erosion during the last glaciation. Our study, for the first time, shows clear evidence for preservation of gla-
cial landforms formed during previous glaciations under non-erosive ice on the Tibetan Plateau. As patterns of glacial erosion inten-
sity are largely driven by the basal thermal regime, our results confirm earlier inferences from geomorphology for a concentric basal
thermal pattern for the Haizishan ice cap during the LGM. © 2018 John Wiley & Sons, Ltd.
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Introduction

Erosion by glaciers and ice sheets over multiple glacial cycles is
responsible for producing diverse landscapes, generating and re-
ducing relief, perturbing geochemical processes, and thereby
contributing to climate oscillations during the Quaternary Period
(Montgomery, 2002; Brook et al., 2006; Koppes andMontgomery,
2009; Brocklehurst, 2010; Jaeger and Koppes, 2016; Egholm
et al., 2017; Torres et al., 2017). Erosion plays a dominant role
in landscape evolution, so placing constraints on glacial erosion
depths and patterns will enable a better understanding of the
relative importance of the different drivers of these erosional pro-
cesses (Hallet et al., 1996; Koppes et al., 2015; Herman et al.,
2018). The patterns and depths of erosion by ice sheets and alpine
glaciers have been investigated using diverse methodologies,
including: measurements of sediment yields (Hallet et al., 1996;
Hooke and Elverhøi, 1996; Koppes and Hallet, 2006; Delmas
et al., 2009; Dowdeswell et al., 2010; Cowan et al., 2010),
reconstruction of pre-glacial topographic features (Andrews and

LeMasurier, 1973; Nesje et al., 1992; Montgomery, 2002;
Amundson and Iverson, 2006; Brook et al., 2008; van der Beek
and Bourbon, 2008; Swift et al., 2008), and through numerical
modeling (Harbor et al., 1988; Harbor, 1992, 1995; MacGregor
et al., 2000, 2009). These methods typically provide spatially
averaged erosion rates or focus on valley cross- and long-section
evolution, undermining their ability to constrain erosion patterns
in finer detail. Aiming to understand large-scale landscape
evolution, 2-D and 3-D numerical models of glacial landscape
evolution have been employed for alpine glaciers (Braun et al.,
1999; Tomkin and Braun, 2002; Brocklehurst and Whipple,
2006; Herman and Braun, 2008; Egholm et al., 2012; Yanites
and Ehlers, 2012; Sternai et al., 2013) and continental ice sheets
(Jamieson et al., 2008, 2010; Kleman et al., 2008; Melanson
et al., 2013; Ugelvig et al., 2016; Patton et al., 2017). The model-
ing approaches are powerful for studying large-scale landscape
evolution, but they remain simplified representations of natural
systems. Field observations are needed to make these models
more accurate indicators of real-world geologic processes.
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In recent decades, our ability to reconstruct both the timing
of glaciations, and in some cases patterns of erosion, has im-
proved with the development and application of in situ cosmo-
genic nuclides techniques (cf. Gosse and Phillips, 2001; Balco,
2011; Heyman et al., 2011b; Granger et al., 2013). Quantifying
glacial erosion using these techniques is based on the recogni-
tion that inheritance of cosmogenic nuclides from prior expo-
sure indicates incomplete erosional resetting (Briner and
Swanson, 1998; Davis et al., 1999; Fabel and Harbor, 1999;
Colgan et al., 2002; Fabel et al., 2002, 2004; Stroeven et al.,
2002a, b; Briner et al., 2003, 2014; Marquette et al., 2004; Li
et al., 2005; Harbor et al., 2006; Miller et al., 2006; Staiger
et al., 2006; Ivy-Ochs et al., 2014; Knudsen and Egholm,
2018). With two nuclides of different half-lives, such as 10Be
and 26Al, it is also possible to reconstruct the burial and expo-
sure history of bedrock samples, and thus infer basal thermal re-
gimes over periods of more than hundreds of thousands of
years (Bierman et al., 1999; Stroeven et al., 2002b; Staiger
et al., 2005; Phillips et al., 2006; Li et al., 2008; Knudsen
et al., 2015; Sugden et al., 2017). Low erosion rates would al-
low for inferring basal regimes across several hundreds of thou-
sands of years.
Previous studies of glacial erosion on the Tibetan Plateau

have included geomorphological mapping, sedimentological
analyses, numerical glacial and climate modeling, and cosmo-
genic dating studies (Cui, 1981a, b; Zheng and Ma, 1995; Li
et al., 2001; Schäfer et al., 2002; Owen et al., 2003, 2005,
2006; Graf et al., 2008; Rahaman et al., 2009; Seong et al.,
2009a, b; Stroeven et al., 2009; Whipple, 2009; Heyman
et al., 2011a, b). These studies have focused primarily on alpine
valley glacial systems. The Shaluli Shan, located in the south-
eastern Tibetan Plateau, offers a different glacial setting in
which local ice caps and outlet glaciers co-existed with valley
glaciers during glacial cycles (Li et al., 1991; Shi, 1992, 2002;
Fu et al., 2012, 2013a, b; Figure 1).
Landforms on the Haizishan Plateau in the Shaluli Shan

show evidence for a rich history of ice cap glaciation (Fu
et al., 2013a). These landforms display a distribution of ero-
sion and deposition similar to those produced by
continental-scale ice sheets (Sugden, 1978; Kleman et al.,
2008). Four characteristic and concentric landform zones
have been identified (Zheng and Ma, 1995; Fu et al., 2013a;

Figure 2(B)). The outermost, Zone I in Figure 2(B), consists of
glacial deposits and includes large marginal moraines located
beyond the mouths of outlet valleys. Zone II, set within Zone
1, consists of deeply incised glacial valleys and uplands be-
tween the valleys showing limited erosion, indicating fast
flowing ice in valleys and slowly moving ice on upland areas
(cf. Kleman and Stroeven, 1997; Hall and Glasser, 2003;
Sugden et al., 2005; Stroeven et al., 2013). Further inward is
a zone of intermediate glacial erosion, Zone III, that includes
large areas of scoured terrain with many bedrock knobs and
water-filled basins (Figure 2(G) in Fu et al., 2013a). Zone IV,
a central area, is narrow and constrained to the central high
ridge, showing little erosion and having non-glacial landforms
(Figure 2(B)). Glacial erosion principally occurs under warm-
based basal ice and is negligible under cold-based ice
(Sugden, 1968; Boulton, 1972; Kleman, 1994). The pattern
of glacial erosion on the Haizishan Plateau, recognized on
the basis of specific geomorphological characteristics (Fu
et al., 2013a), indicates a discernable gradation of basal ther-
mal conditions for the former ice caps, with warm-based ero-
sive ice primarily under the peripheral parts of the ice cap,
and cold-based or slowly-moving ice under the central parts
of the ice dome, preserving relict landforms. The zonal divi-
sion is illustrated in Figure 2(B); some uncertainty remains
due to an uneven distribution of glacial landforms. The four
zones represent the general landscape modification over the
course of several glacial cycles (Fu et al., 2013b). Three sets
of sinuous marginal moraines (M1–M3) (Figure 2(B)) in zone
III are evidence for a most recent modification of the plateau
surface by the LGM ice cap, including deposition during
late-glacial stages (Fu et al., 2013b).

To quantify the erosional efficiency of the LGM ice cap, we
sampled glacially eroded bedrock, glacial erratics, and river
sand samples for in situ 10Be and 26Al analysis. This work ex-
tends a previous study by Fu et al. (2013b) that focused on gla-
cial chronologies; here we investigate exposure-burial-erosion
histories of individual bedrock samples. We derive inherited
nuclide concentrations and from these estimate glacial erosion
depths during the last glacial period and beyond. The details of
the erosional pattern provide spatial information about basal
thermal regimes and ice dynamics, particularly of the LGM
Haizishan ice cap.

Figure 1. Tibetan Plateau showing the location of the study area (Figure 2(A)) and a reconstructed maximum extent of glaciation during the Qua-
ternary period (Li et al., 1991). Base map is the world physical map from ArcGIS online services (http://services.arcgisonline.com/ArcGIS/rest/ser-
vices). [Colour figure can be viewed at wileyonlinelibrary.com]
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Study area

Regional setting

The Haizishan Plateau is a low relief surface at 4000–5000m
above sea level (a.s.l.) in the Shaluli Shan, southeastern Tibetan
Plateau, which is dominated by north–south trending moun-
tains dissected by deeply incised rivers (Figures 1, 2(A)). Low-
relief uplands are situated between the mountain ranges. Clark
et al. (2005) interpreted these as relict landscapes formed at a
lower elevation, then uplifted during the late Cenozoic (9–
13Ma) orogenesis of the eastern Tibetan Plateau. Among the
relict landscapes on the southeastern margin of the Tibetan Pla-
teau, the Haizishan Plateau is distinct, measuring 130 km
north–south by 70 km east–west. It is separated from adjacent
mountains by basins and valleys with floors below 4000ma.
s.l. A Jurassic granite pluton intruding into Triassic flysch
(Ouimet et al., 2010) forms the geology of the plateau (Fig-
ure 2(A)). Close to the central area of the Haizishan Plateau,
an elongated north–south trending ridge of metamorphosed
sedimentary rock rises ~300m above the surrounding granite
plateau surface. The plateau surface to the west of the ridge

consists of a broad flat area, whereas high-relief terrain domi-
nates to its east (Fu et al., 2013a). The Haizishan region, cur-
rently (1981–2010), has a mean annual precipitation of
654mm, a mean annual temperature of 4.8°C at 3728ma.s.
l., and a lapse rate of 5.2°C/km estimated from the two closest
weather stations (CSMD, 2012). Its climate is strongly influ-
enced by the southwest Asia summer monsoon system (Benn
and Owen, 1998) that accounts for 86% of the annual precipi-
tation in four months from June to September.

Glacial history

The Shaluli Shan has experienced several glaciations during
the Quaternary, indicated by results from studies of glacial geo-
morphology and chronology of the Haizishan Plateau (Li et al.,
1986, 1991, 1996; Zheng and Ma, 1995; Zheng, 2001, 2006;
Xu, 2004; Wang et al., 2006; Xu and Zhou, 2009; Fu et al.,
2012, 2013a, b; Zhang et al., 2014, 2015) and the surrounding
mountains (Schäfer et al., 2002; Owen et al., 2005; Graf et al.,
2008; Strasky et al., 2009; Xu et al., 2010; Chevalier et al.,
2016). Using cosmogenic exposure ages from glacial erratics

Figure 2. Glacial landforms of the study area (modified from Fu et al., 2012), sample locations, and 10Be apparent exposure ages (ka). (A) Simplified
geological map of the Haizishan Plateau and its surrounding area (adapted from Ouimet et al., 2010); (B) the Haizishan Plateau. M1-M3 denote three
sinuous moraine stages. Age results are provided by sample number. Sampled river basins are delineated with white polygons. For river sand samples,
average basin erosion rates (mm/ka) are listed. I–IV denotes erosion regions inferred from geomorphology (modified from Fu et al., 2013a), where IV is
the ice cap central region with little or no glacial erosion, III a wide zone of intermediate erosion, II a zone of strong erosion, and I a zone of depo-
sition. A–A0 denotes a transect portrayed in Figures 5 and 6. The eye symbol denotes the viewing direction of Figure 5. [Colour figure can be viewed at
wileyonlinelibrary.com]
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and in till profiles from the Shaluli Shan, Fu et al. (2013b) re-
constructed the glacial chronology on and around the
Haizishan Plateau. They found that glaciation occurred during
the local Late Glacial, LGM, and in pre-LGM time. For expo-
sure age consistency with new data, the published ages from
Fu et al. (2013b) and from other references are recalculated
with the expage-201806 calculator (expage.github.io/calcula-
tor) using the nuclide-specific LSD production rate scaling by
Lifton et al. (2014). New exposure age results presented in this
study are calculated using the same methodology (Supplemen-
tary Table 1).
Prior to the LGM, extensive ice caps covered the entire

Haizishan Plateau (possibly several times) and extended into
bordering mountains to the north and east; glaciers protruded
into outlet valleys. A smaller ice cap existed during the LGM
with outlet glaciers that terminated at the valley mouths, a
few kilometers inside pre-LGM extents. The timing of this event
comes from the oldest age (of three) for a latero-frontal moraine
on the northern margin of the Haizishan Plateau of 24.0±1.6 ka
(Fu et al., 2013a, b). Three sets of prominent sinuous reces-
sional moraines (M1–M3) were mapped across the western
Haizishan Plateau; the outermost M1 and innermost M3 are
dated to 19.6±1.3 ka and 15.1±1.1 ka (Late Glacial; ages calcu-
lated with zero erosion), respectively (oldest age from four
boulders from M1 and oldest age of two boulders from M3; Fig-
ures 2B). During this time, ice caps on the plateau surface were
separated from small ice fields or valley glaciers located on ad-
jacent mountains to the west and north. The Haizishan Plateau
is ice free today, although higher mountain ranges surrounding
the plateau have glaciers commensurate with an equilibrium
line altitude of 5600ma.s.l. (Zheng, 2006).

Methods

To study the erosional efficiency of Haizishan ice caps, we
measured cosmogenic nuclides (10Be and 26Al) from seven
bedrock surfaces, and six erratics from various parts of the
Haizishan Plateau. We also measured 10Be concentrations
from six river sand samples to investigate basin-wide erosion.

Sampling

Seventeen samples from the Haizishan Plateau were collected
from different topographic settings in Zone III, including
scoured terrain and bedrock outcrops in mountain passes (Fig-
ure 2(B)). Samples were chiseled from the top surfaces of gla-
cial erratics and bedrock surfaces (Table I). Topographic
shielding was based on measurements of strike and dip at
breaks in slopes using a compass and clinometer. Elevation
and coordinates were recorded with a handheld GPS.
We made an effort to sample glacial erratics and bedrock sur-

faces in close proximity to each other (cf. Fabel et al., 2002;
Stroeven et al., 2011). The measurements of this study were
supplemented by recalculated ages from erratics in Fu et al.
(2013b).
Six river sand samples were collected at the outlets of six

small catchments (Figure 2(B)). Four of these basins are located
in Zone III on the Haizishan Plateau and were completely bur-
ied under ice during the last glaciation. For comparison, two
river sand samples were collected from two catchments in
nearby mountains to the north of the plateau (Figure 2(B)).
These two basins have higher relief than those on the plateau
surface, and only a small portion of one of the catchments
has mapped glacial valleys (Fu et al., 2012).

Laboratory methods and exposure age calculations

All samples were prepared for cosmogenic nuclide analysis at
Purdue Rare Isotope Measurement Laboratory (PRIME Lab), fol-
lowing procedures by Kohl and Nishiizumi (1992). Isotope ra-
tios were measured by accelerator mass spectrometry (AMS)
at PRIME Lab. We measured 10Be/9Be and 26Al/27Al ratios using
the 07KNSTD 10Be standard (Nishiizumi et al., 2007) and the
KNSTD 26Al standard (Nishiizumi, 2004). Process blanks of
10Be/9Be and 26Al/27Al ratios averaged 1.37 ± 0.57 × 10-14 (n
= 2) and 2.59 ± 6.03 × 10-15 (n = 2), respectively. The blank
corrections were insignificant for all samples. For Al measure-
ments, we determined the total mass Al in the samples by
ICP-OES from the aliquots prepared immediately after the sam-
ples had been dissolved. The total Al mass ranges from 2.380 to
4.412mg in samples weighing from 8.506 to 35.229 g.

We calculated 10Be and 26Al apparent exposure ages using
the expage-201806 calculator (http://expage.github.io/calcula-
tor) which is based on the CRONUS calculator (Balco et al.,
2008) but uses nuclide-specific LSD production rate scaling
(Lifton et al., 2014). The calculator uses reference spallation
production rates of 3.98 ± 0.25 atoms/g/yr for 10Be and 28.42
± 1.87 atoms/g/yr for 26Al, based on a global compilation of
production rate calibration sites with well-clustered data
(http://expage.github.io/production). The 10Be half-life is
1.387 × 106 yr (Chmeleff et al., 2010; Korschinek et al., 2010)
and 26Al half-life is 7.05 × 105 yr (Nishiizumi, 2004). Apparent
exposure ages were calculated assuming zero erosion and a
rock density of 2.7 g/cm3.

Glacial erosion

For bedrock samples with inherited nuclide concentrations
resulting from prior exposure, glacial erosion can be quantified
given a known exposure history of the sample (Stroeven et al.,
2002b; Fabel et al., 2004; Goehring et al., 2011; Li and Harbor,
2011; Young et al., 2016). A simple approach to determine
whether a sample has nuclide inheritance is comparing the ap-
parent exposure age of the sample with an independent
deglacial age of that sample location. An exposure age that is
larger than the independent deglaciation age must be ex-
plained by prior exposure. The inherited component can be
used to model the glacial erosion rate/amount. Critical assump-
tions in the model include the ice cover history and the inter-
glacial erosion rate. In this study, we quantify the glacial
erosion using the expage-201806 glacial erosion calculator
(http://expage.github.io/calculator; glacialE.m). This involves
the expage production rate calculations for spallation and
muons, and ice cover histories determined by the Lisiecki and
Raymo (2005) δ18O record used as a proxy for global ice vol-
ume. For a given scenario, the calculator interpolates the gla-
cial erosion rate that yields the input 10Be and/or 26Al
concentration based on the output from a range of simulated
glacial erosion rates (Figure 3).

We calculate glacial erosion for a range of scenarios, includ-
ing total duration of nuclide production of 1Ma and 120 ka, in-
terglacial erosion rates of 0 and 2mm/ka, and three ice cover
histories defined by δ18O cut-off values of 4.2‰, 4.5‰, and
4.8‰. The last deglaciation is set for each sample indepen-
dently based on boulder 10Be exposure ages (Supplementary
Tables 2 and 3).

Basin-wide erosion

Cosmogenic nuclides in fluvial sediments can be used to deter-
mine long-term basin-wide erosion rates (Granger et al., 1996;
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von Blanckenburg, 2005; Granger and Riebe, 2014). The four
samples from the plateau and two from the nearby mountain
range enable a comparison of erosion in predominantly gla-
cially and fluvially-modified landscapes, respectively. While a
glacial landscape characterized by varying erosion rates over
time violates the assumption of constant erosion rate (Granger
et al., 1996), the method still enables a first-order comparison
of erosion rates, and of prior exposure of the Haizishan Plateau.
River sand samples were sieved to a grain size of 256–

512μm and were then processed in the same way as bedrock
and boulder samples. Basin-wide erosion rates were calculated
using the expage-201806 erosion rate calculator based on the
erosion rate methodology from the CRONUS calculator (Balco
et al., 2008) but using the nuclide-specific LSD production rate
scaling (Lifton et al., 2014) for spallation and muons. For each
catchment we used average coordinates, average atmospheric
pressure based on the ERA40 interpolation (Lifton et al., 2014)

from the SRTM elevation with 90m resolution (Jarvis et al.,
2008), and average topographic shielding factors based on
Codilean (2006) and Li (2013).

Sample description

To study the erosional efficiency of the LGM ice cap, we sam-
pled across the plateau surface at various distances from the in-
ferred ice divide, Zone IV (Figure 2(B)). Sample TB-09-103
(Figures 4(A), 5) was collected from a deeply weathered granite
bedrock ridge located 4 km outside the outermost sinuous mo-
raine M1. It is located on the eastern slope of the mountain
range along the western margin of the plateau. Between it
and M1, a shallow depression extends several kilometers and
parallels M1 and then joins rivers flowing northward and south-
ward at its northern and southern ends, respectively. We

Figure 3. Erosion depth simulations of scenario 3 (Sim-3; Supplementary Table 2) for bedrock samples TB-09-95, TB-09-97, TB-09-105, TB-09-115,
TB-11-23, and TB-11-28. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 4. Photos of the bedrock sampled at TB-09-103 (A), TB-09-105 (B), TB-09-115 (C), TB-09-95 (D and E), TB-11-23 (F), and TB-11-28 (G). Panel
E shows the glacially plucked rock steps at the head of the outlet valley where samples TB-09-95, 96, 97 and 98 are located (near the horizon denoted
by the black arrow). [Colour figure can be viewed at wileyonlinelibrary.com]
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collected two glacially-polished granite bedrock samples from
inside moraine M1 (TB-09-105; Figures 4(B), 5), and outside
the sinuous moraine M3 (TB-09-115; Figures 4(C), 5). Granite
bedrock samples TB-09-95 (Figures 4(D), 4(E), 5) and TB-09-
97 and erratic samples TB-09-96 and TB-09-98 were collected
from the head of an outlet valley on the east side of the plateau.
Abundant plucked and abraded landforms were observed at
the head of the outlet valley, as expected for locations where
ice converges into outlet valleys or fjords (Stroeven et al.,
2002a; Briner et al., 2008; Figure 4(E)). Within 2 km NNW of
this valley head along the eastern margin of the Haizishan Pla-
teau, we sampled granite boulder samples TB-11-11, TB-11-13,
TB-11-20, and TB-11-21 (Figure 2(B)). About 2 and 4 km south-
west of these samples, we sampled granite bedrock samples
TB-11-23 (Figures 4(F), 5) and TB-11-28 (Figures 4(G), 5), re-
spectively, which are glacially polished surfaces. TB-11-23
was from bedrock located on a ridge and TB-11-28 from a

roche moutonnée on a rock step. The sketch of the LGM ice
cap profiles along the elevation transect AA0 on the plateau sur-
face (Figure 6(A)) shows higher relief on the eastern slope than
the western slope, corresponding to a shorter distance to the ice
limits on the eastern slope than the western slope. According to
the mapped moraines and lineations, the central dome of the
LGM ice caps were likely residing on the central upland above
4600ma.s.l. TB-11-23 and 28, and TB-09-95 and 97 were all
collected from the eastern edge of the upland.

Four river sand samples were collected from scoured terrain
on the Haizishan Plateau (TB-11-37, TB-11-38, TB-11-39, and
TB-11-40). Another two river sand samples were collected from
a mountain with limited evidence of glaciation immediately
northwest of Litang (Figure 2(B)) (TB-11-01 and TB-11-03).
The six catchments are relatively small (3–59 km2) with gentle
relief, reducing the likelihood of complicating factors such as
landslides and long sediment residence times. The lithology

Figure 5. 3D view of the study area, including bedrock sample locations on the Haizishan Plateau analysed for erosion depths. The four river sand
samples are denoted as red points. The location of transect A–A0 is given in Figure 2. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 6. (A) Transect A–A0 (Figures 2, 5) and sample locations. Samples 28, 95, 97, s6/16/17/18 are projected to transect A–A0 based on their lo-
cation relative to moraines M1–M3. The blue lines are schematic ice cap surface profiles. Glacier extents in the surrounding mountains are not indi-
cated. (B) Plot of erosion depths of bedrock samples against the distance of each sample from the LGM ice cap center. The ice cap center was located
between samples TB-11-23 and TB-11-28 as indicated by ice flow directions reconstructed from lineation and valley extending directions. The bold
black lines indicate the modeled maximum erosion depth of the 12 scenarios and the thin line the minimum erosion depth (Table III; Supplementary
Table 2). The results of the modeling for samples s6, s16, s17, and s18 are combined by taking the maximum and minimum from the 12 scenarios for
all the four locations (Supplementary Table 2). [Colour figure can be viewed at wileyonlinelibrary.com]
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of the plateau surface catchments is granite of the Jurassic plu-
ton and catchments draining the adjacent mountain are set in
Triassic volcanic and sedimentary rocks (Figure 2(A); Ouimet
et al., 2010).
All samples except TB-09-103 are located within the extents

of the Late-Glacial ice cap delineated by M1 (Figures 2(B), 5,
6(A)). Based on the glacial history by Fu et al. (2013a, b) we re-
construct the maximum western expansion of the ice cap to
have been between M1 and TB-09-103. So the nuclide inven-
tories of all the samples except for TB-09-103 are assumed to
result from similar exposure-burial histories until the LGM,
but have experienced varying amounts of subglacial erosion.
Individual deglaciation ages are applied.

Results and Interpretation

The apparent cosmogenic nuclide exposure ages are listed in
Table I; six bedrock samples and one erratic sample have 26Al
exposure ages in addition to 10Be ages. Estimates of glacial ero-
sion rates from bedrock samples for 10Be (26Al) range from 0 to
307 (0–265) mm/ka and corresponding total erosion depths
over the last 100 ka from 0 to 3.16 (0–2.73) m under different
scenarios (Figure 6(B); Table II; Supplementary Table 2).
Table III displays the 10Be concentrations for the six river sand
samples and calculated erosion rates and corresponding appar-
ent exposure ages. Basin-wide erosion rates range from 27.4 to
142.4mm/ka.

Glacial erosion from Haizishan Plateau bedrock
samples

To estimate glacial erosion for the Haizishan Plateau bedrock
samples within the LGM moraine, we use new and
recalculated boulder 10Be exposure ages (Fu et al., 2013b;
Table I; Supplementary Table 1) to determine the time of last
deglaciation.
The two bedrock samples TB-09-105 and TB-09-115, lo-

cated proximally to the two sinuous moraines dated to 19.6 ±
1.3 ka (M1) and 15.1 ± 1.1 ka (M3; Fu et al., 2013b), were
assigned deglaciation ages of 20 ka and 15 ka, respectively.
For the two bedrock samples TB-11-23 and TB-11-28, the ex-
posure ages of nearby boulder samples TB-11-11, TB-11-13,
TB-11-20 and TB-11-21 (14.5 ± 0.8 to 15.7 ± 1.0 ka) and M3
(15.0 ± 1.0 and 15.1 ± 1.1 ka; Group K in supplementary
Table 1; Fu et al., 2013b) indicate deglaciation no earlier than
15 ka ago. For the valley head with two glacially-polished bed-
rock samples (TB-09-95 and TB-09-97), the two nearby erratic
boulder samples yield exposure ages of 21.0 ± 1.2 ka (TB-09-
96) and 13.8 ± 1.0 ka (TB-09-98; Figure 2(B)). Based on the

youngest age of these two boulders, we use 14 ka as the valley
head deglaciation age. This is slightly younger than the
assigned deglaciation of M3 at 15 ka, but a later deglaciation
of the valley head is supported by the presence of moraine seg-
ments mapped inside M3 (Figure 2(B)), and the fact that the val-
ley head is 200-250m higher than the plateau surface to the
west.

The simulation scenarios with δ18O cut-off values of 4.2 ‰,
4.5 ‰, and 4.8 ‰ yield total ice cover durations of 468 ka,
243 ka, and 55 ka over the last 1Ma, and 59 ka, 29 ka, and
10 ka over the last 120 ka for the samples with deglaciation at
15 ka. Scenarios with shorter durations of ice cover yield larger
depths of erosion (δ18O: 4.8‰; 0–3.16m over the last 100 ka
based on 10Be) than scenarios with longer durations of ice
cover (δ18O: 4.2‰; 0–2.59m over the last 100 ka based on
10Be). The assumption of an interglacial erosion rate of
2mm/ka reduces the inferred depths of glacial erosion com-
pared with scenarios with zero interglacial erosion, but the total
depth of erosion is similar for both scenarios (Supplementary
Figure 1; Supplementary Table 2).

The two granite bedrock samples from inside the sinuous
moraines on the Haizishan Plateau yield apparent exposure
ages of 140.5 ± 8.6 ka (TB-09-105) and 16.4 ± 1.3 ka (TB-09-
115, Figure 2(B), Table I). The ~120 ka difference in apparent
exposure age between M1 and the eroded bedrock surface just
inside M1 implies that bedrock sample TB-09-105 has a large
inherited nuclide inventory, which requires prior exposure be-
fore the last glacial cycle; it experienced little or no glacial ero-
sion during the glaciation that deposited M1. The location of
sample TB-09-105 close to the ice margin at maximum LGM
expansion, implies that it would have been covered by thin
ice with a high likelihood of being cold based and non-erosive.
The apparent exposure age of TB-09-115 is slightly older than,
but overlaps within uncertainties with, the age of moraine M3,
indicating limited inheritance in sample TB-09-115. The con-
cordance in age between the sinuous moraine M3 and the
eroded bedrock surface just outside this moraine indicates that
enough glacial erosion occurred during the last glaciation (2–
3m), thus removing the nuclide inventory from the last intergla-
cial (Table III). These two bedrock samples are 5 km apart, are
both from glacially-polished surfaces located on the crest of
roche moutonnées (Figures 2, 4(B), 4(C)), but have apparently
different erosion histories. The roche moutonnée of TB-09-
105 was probably carved by a more extensive older glaciation,
and that of TB-09-115 was at least modified during the LGM
and Late Glacial events and was possibly entirely formed dur-
ing these events. Distal to moraine M2, in-between moraines
M1 and M3 at a location c. 7 km southeast of sample TB-09-
115, there are four previously dated bedrock samples (s6/16/
17/18) from a roche moutonnée (Zhang et al., 2014, 2015).
Recalculated 10Be exposure ages of the bedrock samples range

Table II. Glacial erosion depth over the last 120 ka under different scenarios based 10Be concentrations in bedrock samples. The bold and italic
numbers are the minimum and maximum values of the 12 scenarios of each sample

Simulation No. 1 2 3 4 5 6 7 8 9 10 11 12

Simulation duration (Ma) 1 1 1 1 1 1 0.12 0.12 0.12 0.12 0.12 0.12
δ18O 4.2 4.2 4.5 4.5 4.8 4.8 4.2 4.2 4.5 4.5 4.8 4.8
Interglacial erosion rate (mm/ka) 0 2 0 2 0 2 0 2 0 2 0 2

Glacial erosion depth over the last 100 ka (m)

TB-09-95 1.28 1.26 1.60 1.61 1.77 1.76 1.04 1.03 1.44 1.46 1.51 1.55
TB-09-97 1.54 1.51 1.90 1.90 2.03 2.03 1.33 1.31 1.75 1.76 1.80 1.83
TB-09-105 0.21 0.20 0.29 0.30 0.35 0.38 0 0.09 0 0.15 0 0.19
TB-09-115 2.59 2.44 3.11 2.97 3.16 3.02 2.36 2.23 2.91 2.8 2.85 2.77
TB-11-23 1.27 1.25 1.59 1.60 1.74 1.74 1.03 1.02 1.44 1.45 1.50 1.54
TB-11-28 0.35 0.33 0.49 0.49 0.68 0.65 0 0.08 0.01 0.14 0.17 0.22
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from 16.5 ± 1.2 ka to 20.0 ± 1.5 ka (Figure 2(B); Supplementary
Table 1). These ages indicate that glacial erosion has removed
some or most of the inherited cosmogenic nuclides similar to
site TB-09-115.

Samples TB-11-23 and TB-11-28 are both located close to
the heads of shallow valleys with TB-11-23 cut by ice flowing
eastward and TB-11-28 cut by ice flowing westward. The ap-
parent bedrock exposure ages for TB-11-23 (24.5 ± 1.5 ka)
and TB-11-28 (90.6 ± 5.6 ka) imply nuclide inheritance. For
the 1Ma (120 ka) simulation scenarios, TB-11-23 yields a total
depth of erosion of 1.25–1.74m (1.02–1.54m) and TB-11-28
yields a total depth of erosion of 0.33–0.68m (0–0.22m) over
the last 100 ka.

TB-09-95 and TB-09-97 both have inheritance, and the cal-
culated erosion depths over the last 100 ka at the head of the
outlet valley are in the 1–2m range (Table III). This is consistent
with the presence of rock steps with steep plucked sides and
smooth abraded stoss surfaces (Figure 4(E)).

Multiple nuclides: 26Al/10Be ratios and 26Al ages

All seven 26Al exposure ages from bedrock and erratic samples
are generally consistent with corresponding 10Be ages within
uncertainties (Table I). Four of the seven samples have
26Al/10Be ratios which overlap within one sigma of the simple
exposure line in the 26Al/10Be plot (Figure 7), and, if 26Al and
10Be production rate uncertainties are taken into account, all
seven samples overlap within one sigma with the simple expo-
sure line. The relatively high 26Al/10Be ratios might indicate
that the samples have not experienced extensive periods of
burial under non-erosive ice. However, there remains uncer-
tainty, given the long half-lives of 10Be and 26Al, and the multi-
ple ways that the 26Al/10Be ratios can be affected (Knudsen and
Egholm, 2018).

River sediments samples

The four river sand samples from the formerly glaciated basins
on the Haizishan Plateau yield 10Be erosion rates ranging from
27.4 ± 1.8mm/ka to 41.7 ± 2.8mm/ka (Table III). The two
mountain catchments with limited glacial evidence north of
the Haizishan Plateau have 10Be erosion rates of 37.9 ±
2.6mm/ka and 142.4 ± 11.6mm/ka. These erosion rates are
calculated under the assumption that the surfaces have been
eroded for a sufficiently long duration to achieve steady state
10Be concentrations. If calculating apparent exposure ages
from the 10Be and average basin production rates and topo-
graphic shielding, and assuming continuous exposure of the
sand at the surface, the Haizishan Plateau samples yield expo-
sure ages ranging from 16.0 ka to 24.3 ka (Table III).

Exposure ages from boulders and bedrock in this study indi-
cate a final deglaciation age of ~15 ka for the four river catch-
ments on the Haizishan Plateau. The apparent exposure ages
of the river sediments, assuming one period of full exposure
at the surface, predate 22.7 ka (Table III) for three of four
Haizishan basins (16.0 ka for one basin). This shows that glacial
erosion did not pervasively remove the pre-glaciation nuclide
inventory from the surface and near-surface rock and sediment.

Discussion

The rate of glacial erosion varied with location under the
Haizishan ice cap. Widespread erosive landform features, such
as outlet valleys, plucked bedrock basins, and rocheTa
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moutonnées, indicate that there were areas of warm based ice
under the Haizishan ice caps. This is consistent with some ero-
sion estimates for bedrock samples in this study. The apparent
exposure age of bedrock sample TB-09-115, at 16.4 ± 1.3 ka,
almost overlaps with the deglaciation at ~15 ka. The modeled
erosion yields a total of 2.23–3.16m over the last 100 ka. Sim-
ilarly, four bedrock samples close to M2 (samples s6, s16, s17,
s18), dated by Zhang et al. (2014), yielded exposure ages of
16.5–20.0 ka, consistent with deglaciation ages and therefore
considerable erosion of 1.71–56.64m/ka.
Glacial lineation clusters and extensive sinuous moraines

(totaling up to 50 km in length) on the Haizishan Plateau also
indicate bedrock erosion, sediment transport and deposition
by warm-based ice during LGM and Late Glacial time. At the
same time, the Haizishan ice cap expanded into deep U-
shaped outlet valleys towards the north and east of the plateau;
thereby scouring the surface as ice flow converged and formed
outlet glaciers. Some roches moutonnées in these outlet valleys
have exposure ages similar to LGM (Figure 2(B); Xu, 2004; Sup-
plementary Table 1) and indicate that enough erosion occurred
during the last glaciation to reset the cosmogenic nuclide
clock. Because production of cosmogenic nuclides occurs pri-
marily in the uppermost few meters of rock, our data can only
constrain a minimum estimate of subglacial erosion of a few
meters. Further, it is likely that the erosion required to form
roche moutonnées, stepped rock surfaces, and, especially, U-
shaped valleys demands their formation during multiple glacia-
tions (Harbor, 1992, 1995; Stroeven et al., 2002a; Li et al.,
2005; Brook et al., 2008).
Intermediate scales of glacial erosion are found at the edge of

the central upland. For example, 1 to 2m of erosion at an outlet
valley head, as indicated by bedrock samples TB-09-95 and
TB-09-97 (Figure 2(B); Table II), occurred in a transition zone
from slow flowing ice on the plateau surface to fast flowing
ice in an outlet valley. Landforms that reflect this change in sub-
glacial dynamics include a transition from low-relief terrain on

the plateau surface through rock steps at the outlet valley head
formed by glacial plucking to deeply eroded U-shaped valleys
(Stroeven et al., 2002a). Similar erosion depths of 1–2m per
100 ka were also modeled for sample TB-11-23. Although in
a similar topographic setting to sample TB-11-23, location TB-
11-28 has seen a lower modeled glacial erosion depth of 0–
0.68m per 100 ka. The tendency for higher amounts/rates of
erosion along the eastern edge of the central upland, relative
to its western edge, probably is a result of the reconstructed
steeper slope of the ice surface in the east producing faster
ice flow (Figure 5).

Cosmogenic inheritance in bedrock samples provides evi-
dence for limited glacial erosion (0–0.38m per 100 ka). Bed-
rock sample TB-09-105, which is just inside the Late Glacial
margin of the ice cap (just up-ice of M1) and likely within
1 km of the LGM ice margin (Figures 2(B), 6(A)), has a large
inherited cosmogenic isotope inventory indicating little or no
erosion during the LGM. Glacial erosional features like roche
moutonnées underneath some sinuous moraines in this area in-
dicate that some of the glacial features were formed during pre-
LGM and were preserved and then draped with sediment
during LGM and Late Glacial times, which provides further
evidence of a non-erosive marginal zone in this area.

While the overall landform pattern indicated in Figure 2(B)
implies a concentric basal thermal regime pattern imprinted
by extensive pre-LGM ice caps (Zheng and Ma, 1995; Kleman
et al., 2008; Fu et al., 2013a), the occurrence of contrasting pat-
terns of erosion and deposition over small distances in the
scoured terrain (Figure 6(B)), probably reflects a patchiness in
the basal thermal regime on smaller scales, as is evident for
the Haizishan ice cap during the LGM and Late Glacial and
also commonly inferred for Northern Hemisphere ice sheets
(Kleman et al., 1999; Kleman and Glasser, 2007; Stroeven
et al., 2013). The sinuous moraine ridges of M1 and the high
nuclide inheritance in bedrock sample TB-09-105 indicate
the non-erosive ice cap marginal depositional zone, followed

Figure 7. Plot of 26Al/10Be ratios against 10Be concentrations, with the 26Al and 10Be concentrations individually normalized to long-term average
sample 26Al and 10Be production rate from spallation and muon interaction. The numbers are the last two or three digits of the sample names. The
black line shows the simple exposure line, and the grey area shows the uncertainty of the 26Al/10Be ratio assuming independent 26Al and 10Be pro-
duction rate uncertainties. The dashed black line shows the end-point line for steady erosion. The blue sub-horizontal lines show the 26Al/10Be ratios
for simple exposure followed by 0.5Ma to 3Ma of burial assuming full shielding from cosmic rays. The dashed blue sub-vertical lines show the
26Al/10Be ratio pathways for burial after 10 ka, 100 ka, 1Ma and 10Ma of surface exposure. [Colour figure can be viewed at wileyonlinelibrary.com]
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by the strong erosion zone where TB-09-115 was collected.
Four samples (s6, s16, s17, s18) from polished bedrock surfaces
dated by Zhang et al. (2014) have similar apparent exposure
ages to moraineM1 or are younger (Figure 2(B); Supplementary
Table 1), indicating almost complete resetting of the nuclide
clocks at these locations during LGM and Late Glacial. When
modeled, s16 and s17 yield total glacial erosion depths ranging
from 1.71 to 3.07m, while s18 and s6 show a range from 3.29
to 56.64m, for the last 100 ka (Supplementary Table 2). These
results further support that a zone of strong erosion existed in-
side the non-erosive marginal zone underneath the LGM ice
cap. The remaining four bedrock samples (TB-11-23, 28, 95,
97) collected from close to the center of the former ice cap,
probably in positions close to underneath the ice divide, repre-
sent intermediate erosion of 0–2.03m in the last 100 ka. Evi-
dence for strong spatial gradients in the basal thermal regime
furthermore comes from the distribution of lineations; large
clusters of lineations are mapped close to the central relict
ridge (IV in Figure 2(B)) and along M1, with few lineations on
the flat scoured terrain in-between, indicating preservation un-
derneath non-erosive ice below the former margin and ice-
divide.
While bedrock ages at a range of locations on the plateau

surfaces show that glacial erosion varied spatially during the
LGM and the late glacial, basin-wide fluvial erosion rates pro-
vide insights into the average impact of glacial erosion across
plateau catchments. The 22.7–24.3 ka apparent exposure ages
(Table III) indicate that significant parts of the analysed basins
experienced restricted (less than 1–3m) glacial erosion. Previ-
ous studies show that glacial erosion tends to expose fresh bed-
rock surfaces which, upon postglacial weathering and erosion,
tends to dilute nuclide concentrations in river sand, leading to
an overestimation of fluvial erosion rates (Seong et al., 2009b;
Godard et al., 2012). In contrast, this does not appear to be
the case for our catchments on the Haizishan Plateau. Compar-
ing our Haizishan Plateau basins with data from nearby moun-
tain areas (Ouimet et al., 2010), the Haizishan Plateau basin
erosion rates are significantly lower than most of the erosion
rates from non-glaciated fluvial basins. Since our basins have
gentler slopes than the majority of basins sampled by Ouimet
et al. (2010), these results provide qualitative support for the
notion that fluvial erosion rates scale with basin slope. With
an average erosion rate of 31.5 ± 5.9mm/ka (Table III), the
Haizishan Plateau has low fluvial erosion rates, even in com-
parison with other locations on the Tibetan Plateau (Li et al.,
2014, and reference therein). This indicates that, despite signif-
icantly higher fluvial erosion rates consuming the margin of the
Tibetan Plateau (Stroeven et al., 2009; Li et al., 2014;
Ansberque et al., 2015), low-relief relict surfaces at the Tibetan
Plateau margins, such as the Haizishan Plateau, tend to be the
most stable landscape elements.
Several lines of evidence indicate that the basal thermal re-

gime of the former Haizishan ice caps exhibited a zonal pat-
tern. It is likely that the zonal pattern of landforms (Zheng and
Ma, 1995; Fu et al., 2013a) reflects the integrated effect of
glacial erosion and deposition over multiple glaciations. The
smaller LGM – Late Glacial Haizishan ice cap deposited mo-
raines that drape older glacial lineations and glacially polished
bedrock. The discrepancy in flow directions between various
lineation clusters also indicates that ice flow patterns and basal
thermal zones changed between glaciations or in different
stages of a glaciation. Such changes are also implicated in
emerging ice cap modeling results (Fu, 2013), which include
the migration of ice divides during the growth and decay of
ice caps on the Haizishan Plateau. Because the basal thermal
regime of the LGM Haizishan ice cap helped shape and modify
the observed landform zonation pattern, topography played an

important role in observed differences in amounts of erosion
between the eastern and western margin of the central upland.
Subglacial thermal boundaries were likely not uniform but ir-
regular and patchy, particularly where boundaries between
erosional zones are inferred. Such boundaries are probably in-
terweaved, as indicated by pronounced differences in erosion
over relatively short distances.

Conclusions

We use 10Be and 26Al cosmogenic nuclide apparent exposure
ages from bedrock, glacial erratics, and river sand to examine
the erosion pattern of former Haizishan ice caps on the south-
eastern Tibetan Plateau. Both the pattern of glacial landforms
and the 10Be and 26Al data indicate that the ice caps that ad-
vanced and retreated across a high-elevation plateau surface,
typically had a concentric basal thermal regime but with strong
spatial gradients during the last glacial period. For example, the
ice cap plucked rock steps at the heads of outlet valleys and
exerted intermediate erosion (0–2m) where the ice surface
slope was steep and ice flow converged into a valley. Interme-
diate depths of glacial erosion across much of the Haizishan
Plateau is consistent with a nuclide inheritance detected in
the cosmogenic inventory of sand samples from rivers draining
scoured terrain. A patchy subglacial thermal regime is evident
from the close proximity of locations with high erosion rates
and limited erosion rates, such as underneath and immediately
inside the LGM margin on the Haizishan Plateau. In particular,
roche moutonnées formed during a previous glaciation are
draped by end moraines, strongly indicating preservation dur-
ing the last glaciation, and a central relict ridge is juxtaposed
with lineations. These all attest that the glacial landscape re-
flects the integrated impact of multiple glaciations with pro-
nounced spatial patterns of erosion and preservation.

Erosion patterns determined using cosmogenic nuclide dat-
ing techniques not only support the conclusions of prior studies
that used geomorphological mapping to suggest a zonal pattern
of thermal regimes, but also provide insights into glacial land-
scape development as a time-transgressive process driven by
the evolution of former ice caps. Our study is the first to show
clear evidence of preservation under ice on the Tibetan Pla-
teau. Future work using glacial modeling to investigate the
basal thermal conditions of the former Haizishan ice cap may
yield further insights in the underlying mechanisms that drive
the development of glacial erosion patterns.
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