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Abstract

The Shillong Plateau in Northeast India is a block of raised topography in the Himalayan
foreland which consists of crystalline basement rocks partially covered by a Cretaceous to
Miocene sedimentary succession. It is dominated by a mature, low relief landscape
surrounded by high relief, fluvially dissected margins, particularly along its southern flank
which is bounded by the Dauki thrust Fault. We use river profiles and geological
relationships to show that the low relief plateau is a topographic expression of a re-exposed
basement palaeosurface following the stripping of sedimentary cover by scarp retreat. We
show that initiation of the wave of incision does not require surface rupture on the Dauki
Fault or an increase in fault slip rate at the end of the Miocene, as suggested by previous
studies. We propose that incision has been spatially controlled by the slope of the basement
palaeosurface, likely moderated by an incision threshold. River profiles in the Shillong
Plateau cannot be interpreted as simple records of surface uplift. The observed
heterogeneous spatial pattern of steepness is a function of a dynamic landscape response to

the erosion of layered lithology with contrasting erodibility. Such dynamics have


http://ees.elsevier.com/geomor/viewRCResults.aspx?pdf=1&docID=13665&rev=1&fileID=791919&msid={49C953A8-EDF5-49FC-A1ED-CE2A524811D9}

22

23

24

25

26

27

28

29

implications for fluvial geomorphology, highlighting that near-horizontal lithological
contacts can strongly influence river profiles and topography, even when no longer
physically preserved. The topography of the northern Shillong Plateau is controlled by the
structure of basement rocks and is reminiscent of stable cratonic interior landscapes,

consistent with its surface exposure during late Cretaceous times.

Keywords: Shillong Plateau; erosion; lithology; river profile.
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1. Introduction

The Shillong Plateau, situated in the Eastern Himalayan foreland in Northeast India, is a
regionally important structure reflecting a change in the dynamics of the India — Eurasia
collision at the front of the Himalaya (Johnson and Alam, 1991; Grujic et al., 2006; Biswas et
al., 2007; Banerjee et al., 2008; Bookhagen and Burbank, 2010; Vernant et al., 2014; Kumar
et al., 2015; Najman et al., 2016). The plateau is surrounded to the north, east and south by
the Eastern Himalaya, the Indo-Burman ranges and the Bengal basin, respectively (Fig. 1, 2).
It influences sedimentation in the Brahmaputra valley and Bengal basin (Najman et al., 2016;
Govin et al., 2018), monsoon precipitation in the Himalaya (Grujic et al., 2006; Biswas et al.,
2007; Bookhagen and Burbank, 2010) and regional earthquake hazard (Sukhija et al., 1999).
The plateau consists of an actively uplifting block of Indian crystalline basement rocks with
patchy Cretaceous and Tertiary cover sediments in the west, south and east (Fig. 1, 2).
Recognition of the Shillong Plateau’s unusual structural setting (e.g., Bilham and England,
2001) has led to intensification of studies in the last decade. Recent evidence from
thermochronology (Biswas et al., 2007; Clark and Bilham, 2008) and sedimentology (Najman
et al., 2016; Govin et al., 2018) have been seminal in developing a temporal framework for
the geological and geomorphological evolution of the Shillong Plateau, in particular for
revealing an apparent lag time between rock exhumation (beginning in the Miocene) and
surface uplift of the plateau. However, the exact timing of events and the factors driving this

lag time and the morphological evolution of the plateau are still currently debated.

Plateau formation and the planation of bedrock surfaces was a subject at the core of

‘classical’ geomorphology (see reviews by Twidale, 1992; Orme, 2007). In a modern era of
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process study and quantification, the focus of geomorphology has largely shifted from
ancient Gondwanan landscapes to the study of tectonically active, eroding mountain ranges.
The Shillong Plateau exhibits a mix of characteristic features from both tectonically active
settings and ancient cratonic landscapes (Migon and Prokop, 2013; Prokop, 2014). Active,
crustal scale thrust faults (Bilham and England, 2001; Mitra et al., 2005) and high relief,
fluvially dissected plateau margins are juxtaposed against a relatively low-relief plateau
interior complete with mature multi-concave topography and the deep weathering of
crystalline basement rocks (Migon and Prokop, 2013; Prokop, 2014). Based on
understanding from many active mountain ranges, it is reasonable to suggest that the
erosion of several kilometres of rock in response to sustained rock uplift should result in the
development of incised, high-relief mountainous topography. However, despite the erosion
of >3 km of sedimentary rocks from the Shillong Plateau since Miocene times (Biswas et al.,
2007; Clark and Bilham, 2008), the plateau’s topography is distinctly flat. In addition, despite
extremely high precipitation rates that can exceed six meters per year (Bookhagen and
Burbank, 2006; Rosenkranz et al.,, 2018), erosion rates are low, between ~0.05 and 0.2
mm/yr, and do not correlate well with precipitation (despite a 7x variation in annual

precipitation rates) or landscape steepness (Rosenkranz et al., 2018).

As mentioned above, some studies have highlighted a lag time between the onset of rock
uplift and surface uplift of the plateau, which may explain some of the plateau’s peculiar
geomorphological features. Biswas et al. (2007) and Clark and Bilham (2008) dated the
initiation of rock uplift and exhumation to before 8-15 Ma using apatite (U-Th-[Sm])/He and
apatite fission track thermochronology. Thermal modelling by Biswas et al. (2007) yielded

exhumation rates ranging between 0.2 and 0.6 mm/yr with a later stage deceleration: their
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samples may have reached the surface ‘as early as, or any time after 5.5-3.5 Ma’. These
authors also showed that the sedimentary cover of the northeastern plateau region was
minimal relative to the south where a thickness of 3 - 6 km of Upper Cretaceous to Miocene
succession has been eroded (Fig. 2). Using stratigraphic analysis and flexural modelling of
sediments in the Surma Basin situated immediately south of the Shillong Plateau, Najman et
al. (2016) deduced that significant surface uplift of the plateau began 3.5-2 Ma ago,
confirming the temporal decoupling between the onset of exhumation in Miocene times
and the surface uplift. Rosenkranz et al. (2018) estimated that surface uplift began 3-5 Ma
ago by combining catchment-averaged and bedrock erosion rates derived from cosmogenic
nuclides concentrations with estimates of volumes eroded inferred from reconstructed
palaeosurfaces across the plateau. Finally, Govin et al. (2018) dated the diversion of the
Brahmaputra River as a result of the rise of the Shillong Plateau to between 4.9 and 5.2 Ma
using detrital zircon U-Pb data, earlier than previous studies. They argue their approach
dates initiation of the surface uplift of the Shillong Plateau more sensitively than previous
approaches, as only limited topographic uplift is needed before river diversion occurs (unlike

flexural loading; Najman et al., 2016).

To explain the ~4-12 Ma time lag between the onset of exhumation and significant surface
uplift, Biswas et al. (2007) proposed a model where the erosional removal of the highly
erodible sedimentary cover initially occurred at a rate matching the uplift rate, possibly
facilitated by fluvial bevelling by the Brahmaputra, therefore limiting surface uplift (Bufe et
al., 2016; Rosenkranz et al., 2018). The authors suggest that when the more resistant
crystalline basement rocks were exposed at the surface, erosion could no longer keep pace

with rock uplift and significant surface uplift began. This model, which accounts for the late
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stage deceleration evidenced in the thermochronology studies (Biswas et al., 2007; Clark
and Bilham, 2008), has since been supported by erosion rates derived from detrital
cosmogenic nuclide concentrations in bedrock and river sands, combined with topographic

analysis (Rosenkranz et al., 2018).

In a challenge to the Biswas et al.’s (2007) model of exhumation / uplift decoupling, Govin
et al. (2018) argue that the ~3.5 Ma lag between the deflection of the Brahmaputra River
(supposedly resulting from initiation of the surface uplift) and the arrival of significant
amounts of basement-derived sediment from the Shillong Plateau in the Surma Basin (after
1.5 Ma, as presented in Bracciali et al., 2016, and Najman et al., 2012) is evidence that the
exhumation of more resistant basement rock ‘is not the dominant factor responsible for the
change from exhumation to surface uplift’. The authors argue for an increase in the Dauki
fault slip rate, which would be consistent with the substantial increase in the rotation of the
Shillong block in the past 4-8 Ma needed to explain the discrepancy between GPS-measured
convergence rates and long-term uplift rates across the region (Vernant et al., 2014). The
findings of key studies regarding the chronology of Shillong Plateau uplift are summarised in

Table 1.

Building on the numerous studies which have used topographic data as ancillary support for
various geological models of the Shillong Plateau’s evolution (e.g., Bilham and England, 2001;
Rajendran et al., 2004; Biswas et al., 2007; Clark and Bilham, 2008; England and Bilham,
2015; Najman et al., 2016; Rosenkranz et al., 2018), we combine topographic analysis of
river channels, field observations and recent numerical model developments to re-evaluate

the controls on the Shillong Plateau’s topographic and erosional patterns. In particular, we
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ask whether the Biswas et al.’s (2007) model of topographic evolution featuring the
differential erosion of rocks with contrasting resistance to erosion can be invoked to
account for the existing discrepancies between (i) the thermochronological and
morphological records of surface uplift and (ii) the arrival of significant amounts of
basement-derived sediment in the sedimentary basin to the south. We also investigate
whether the topography of the Shillong Plateau can be used to infer information about its
large scale tectonic structure, notably the location and character of major plateau bounding

faults.

2. Study Area

The Shillong Plateau is an approximately rectangular (elongated east to west) area of
topography at an average elevation of ~1200 m (maximum >2000 m) covering ~ 30000 km?
(Fig. 1). Numerous studies have noted the prominent headward erosion signals propagating
through the rivers draining the southern plateau margin, evidenced by large-scale
knickzones in the channel network (e.g., Biswas et al., 2007; Prokop, 2014; Rosenkranz et al.,
2018) (Fig. 1). While some knickpoints are associated with lithological boundaries at the
local scale (Migon and Prokop, 2013; Prokop, 2014), many major knickpoints in south-
draining catchments do not correlate with lithological contacts, instead suggesting this
signal is associated with the propagation of an erosional front in response to tectonic uplift
(e.g., Biswas et al., 2007; Rosenkranz et al., 2018) (Fig. 1). The high relief of the southern
plateau margin orographically focusses extreme Indian Summer Monsoon precipitation and
makes it officially the wettest place in the world; annual precipitation can exceed a record
breaking 26000 mm and single day rainfall totals of >1500 mm have been recorded (Murata

et al., 2007). There is a strong orographic precipitation gradient increasing north to south
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across the Shillong Plateau, with annual precipitation varying from 1600 mm in the
Brahmaputra valley to the north to 6000-12000 mm on the southern edge of the plateau

(Murata et al., 2007; Prokop, 2014).

Estimates of the India — Eurasia crustal shortening accommodated across the Shillong
Plateau vary from 0.7-2.3 mm/yr (Biswas et al., 2007) to 4-7 mm/yr (Banerjee et al., 2008).
This shortening is accommodated by plateau bounding, crustal scale faults to the north and
south (Bilham and England, 2001), although the detailed structure remains contentious (e.g.,
Najman et al.,, 2016). The Dauki Fault follows the linear southern plateau margin and is
recognised as a steep north-dipping thrust fault (Fig. 1) that is primarily responsible for
plateau uplift (Bilham and England, 2001); whether the strikingly linear southern boundary
of the plateau actually represents the Dauki fault trace at the surface or the axial trace of a
large scale, south-vergent monocline produced by a Dauki Fault that only exists at depth, is

debated (Clark and Bilham, 2008).

Following modern analysis of observations originally made by Oldham (1899) from the
‘Great Assam Earthquake’ in 1897 (M,, = ~8.3), Bilham and England (2001) proposed the
existence of a steep, south-dipping, “NW-SE trending thrust fault at depth in the north of
the plateau, which has been interpreted as the structural boundary of the plateau to the
north. Despite the strength of geological and seismic evidence for the ‘Oldham Fault’
(Bilham and England, 2001; Biswas et al., 2007; Kayal et al., 2012; England and Bilham, 2015),
as well as evidence from a series of geomorphic indices (e.g., slope-area analysis by Clark
and Bilham, 2008; valley depth by England and Bilham, 2015), the contrast in the

topographic expression of faults between the south and the north of the plateau led some
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authors to question the importance of the Oldham Fault within the modern tectonic
framework (Rajendran et al., 2004). The topographies of the western and south-eastern
regions of the Shillong Plateau are influenced by different tectonic regimes: to the west, the
Dauki fault becomes less important and another major tectonic feature, the Dapsi Thrust,
dominates (Fig. 2); in the southeast, the Dauki fault undergoes a complex transitional
interaction with the Haflong-Disang Faults and the Indo-Burman ranges (Fig. 2). As such, this
study is limited to consideration of the central Shillong Plateau to the north of the Dauki
Fault, where the findings of recent thermochronology and tectonic studies enable

integration with the geomorphology.

3. Methods

Our study is based on the analysis of topographic data and direct field observations. We use
30-m resolution Digital Elevation Models (DEM) from the Shuttle Radar Topography Mission
(SRTM) which can be downloaded freely from the Open Topography website:

http://www.opentopography.org/. To link changes in morphology to potential changes in

rock types exposed or to the presence of faults, geological maps from Yin et al. (2010) and
Mukherjee et al. (2012a, 2012b, 2013a, 2013 b, 2013c, 2014) were georeferenced using the
spatial references provided within; where spatial references generated poor correlation
with the observed topography within the geographic projection used (World Geodetic
System (WGS) 1984, Zone 46N) or were absent, georeferencing was performed using
distinctive topographic features expressed in the geological maps. The morphology of the
plateau was analysed as a whole through comparison of topographic and swath profiles,

whereas rivers were analysed through their profiles and plan view using an approach that
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integrates drainage area along flow length (the so-called ‘integral approach’, e.g., Perron

and Royden, 2013), as described below.

In unglaciated, eroding landscapes, fluvial incision sets the base level for all other
geomorphic erosion processes. To investigate landscape evolution, it is therefore
appropriate to examine spatial patterns of erosion in rivers (e.g., Stock and Montgomery,
1999; Kirby and Whipple, 2001; Kirby et al., 2003; Snyder et al., 2003; Wobus et al., 2006;
Miller et al., 2007; DiBiase et al., 2010; Kirby and Whipple, 2012). For over a century,
workers have reasoned that steeper channel slopes should result in faster erosion, all else
equal (e.g., Gilbert, 1877). However, casual observers of topography have noted that
headwaters are steeper than lowland channels, leading many authors to propose that
erosion should also correlate with discharge (e.g.,, Howard and Kerby, 1983). A
normalization is therefore required to compare channel gradients for channels of different
discharge (or drainage area, often used as a proxy for discharge). Morisawa (1962) and Flint
(1974) noted that a number of properties of channels, such as gradient (S) and drainage

area (A), are related via power laws, and proposed the following relationship:

S =k,A® (1).

The two empirical coefficients, k; and 6, are called the steepness index and concavity index
respectively, as ks defines how steep the slope S of a river is for a given drainage area A, and
0 defines how concave a river profile is by controlling how quickly slope increases when
drainage area decreases. Many authors have found a relationship between measured

erosion rates and ks (Ouimet et al., 2009; DiBiase et al., 2010; Scherler et al., 2014; Mandal
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et al., 2015; Harel et al., 2016). Spatial variations in the steepness index have therefore
frequently been interpreted in terms of spatial variations in erosion or rock uplift rates
assuming homogenous erodibility of the bedrock (e.g., Kirby and Whipple, 2012). However,
the gradient S needed to calculate ks suffers from a substantial amount of noise when
derived from topographic data (e.g., Wobus et al., 2006). To avoid this problem, Royden et
al. (2000) suggested integrating drainage area along flow distance to create normalized river
profiles as a function of elevation. Because the slope term in equation (1) is the same as the
derivative of elevation with respect to distance (i.e., S = dz/dx), equation (1) may be
integrated from an arbitrary base level location (x,) to any point along the channel, x (e.g.,

Whipple et al., 2017a):

20) = 2(x) + (3229 [ () x @)

A0~°
where Ap is a reference drainage area, introduced to nondimensionalize the integrand in

equation (2). We can then define a longitudinal coordinate, x, with dimensions of length

(Royden et al., 2000; Perron and Royden, 2013):

x=J, (%)9 dx. (3).

The longitudinal coordinate y (‘chi’) is defined in such a way that:

2(x) = 2(xy) + (7-2) x (@)

A,~°
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The coordinate can be calculated from topographic data for a fixed ‘reference’ value of 6
(called Bp). If we set Ap =1 m?, then from equation (4) we see that the ‘normalized’
steepness index (i.e., steepness index for a fixed value of 6, called k,) is the local slope of
the elevation profile in y-space. Using these transformed river profiles, we can compute the
normalized steepness index and make inferences about the causes of spatially varying ki,

including variations in erosion rates and/or bedrock erodibility.

Accordingly, longitudinal river profiles from 15 major catchments (Fig. 3) radially draining
the Shillong Plateau were extracted from the 30-m resolution SRTM data. All y coordinates
for production of ks, maps and y profiles were calculated using a reference 8, of 0.5, which
was determined as the best fit for the study area following the methods of Mudd et al.
(2018); this value is in the range of expected concavity values (typically 0.35 < 6 < 0.65, e.g.,
Hack, 1957; Wobus et al., 2006; Kirby and Whipple, 2012). Longitudinal and y profiles were
produced for all main channels and all connecting tributaries, and k,, values were extracted

using the method of Mudd et al. (2014).

Where drainage basins share a base level, map visualization of the longitudinal y coordinate
can reveal disequilibrium (or lack of it) between competing drainage basins (Willett et al.,
2014; Giachetta et al., 2014). High contrasts in y coordinate across a drainage boundary may
indicate that the basin with lower y values aggressively gains area via river capture and
divide migration at the expense of the neighboring catchment (Willett et al., 2014). Recent
work has questioned the reliability of this method to assess the competition between large
basins with spatially distant base levels, as local changes in uplift rate or rock type can

influence the y coordinate (Whipple et al., 2017b). However, we believe the method can



267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

highlight relatively recent drainage reorganizations along divides shared by catchments with
outlets in close proximity, such as adjacent tributaries. Therefore, we produced a map of the
x coordinate to investigate equilibrium between major catchments draining either to the
south or to the North of the Shillong Plateau, in order to shed light on the evolution of
catchment shape. We anticipate seeing a correlation between high y contrasts across
drainage divides and evident river capture events. River captures can also be identified by
visual identification of headless channels in Google Earth satellite imagery. The southern
catchments for which we plot y coordinates all drain to the Bangladeshi plain along the
Surma River, all having an outlet elevation of 10-15 m which we assume corresponds to a
common base level. For the northern catchments, we used the Brahmaputra River as the

common base level (elevation of 40-55 m).

4. Results

4.1. Elevation, relief and drainage network planform.

The southern and central plateau is characterized by a high elevation (1000-2000 m)
relatively low relief (50-150 m) plateau surface forming a large scale topographic dome with
typical surface slopes of 0-5° (Fig. 1, 4), dipping most steeply in a southerly direction
towards the Dauki fault. At the local scale, this surface is characterized by convex rolling hills
with alluvial river valleys. Along the southern plateau margin and in the northwest of the
plateau, this low relief surface has been spectacularly incised by rivers, resulting in up to
1500 m of vertical relief (Fig. 1, 4, 5). Valley depth along the southern margin is greatest in

the center of the Plateau and decreases towards the east and west (Fig. 4).
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The landscape in the northeast of the Plateau has a lower elevation (500-1000 m) and
features more uniform relief; the sharp topographic contrast between incised valleys and
plateau surfaces observed in the southern plateau is absent (Fig. 4). The boundary between
the northern plateau margin and the Brahmaputra valley sedimentary basin is highly
irregular, appearing topographically ‘filled” by valley sediments (with valley sediment
onlapping on steep valley sides; Fig. 1). This contrasts with the linear boundary of the
southern plateau (Fig. 1), which has been suggested to represent the linear trace of the

Dauki Fault (Biswas and Grasemann, 2005).

As mentioned in the methods section, the difference in base level elevation between
northern and southern catchments, as well as the morphological complexity of the ~500 km-
long stretch of the Brahmaputra River between where northern and southern catchments
join, preclude a direct comparison of y values between northern and southern catchments.
However, longitudinal y coordinate mapping can be used to reveal potential (dis)equilibrium
between catchments sharing the same base level (northern catchments and southern
catchments). Southern catchments that drain across the Dauki Fault show significant
differences in y values across internal drainage divides, particularly around the northern
edges of interfluve plateau remnants surrounded by deeply incised river valleys (Fig. 6). This
difference in x values across internal drainage divides suggests ongoing drainage
reorganization (e.g., Willett et al., 2014). Abundant headless channels, indicative of river
capture, are evident on these plateau remnants and preferentially occur where plateau
remnants are bound to the north by deeply incised channels (Fig. 6). Differences in y
coordinate are also notable along the divide separating the Umngot catchment (#14) from

the Myntdu catchment (#15) to the east (Fig. 3, 7a). Differences in y coordinate between
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northern catchments are not as prominent, except in the narrowest stretch of the Umiam
catchment (#6). Catchments in the southwest of the Shillong Plateau all display some
preferential elongation in the northeast to southwest direction. Similarly, many catchments
draining to the northeast of the plateau are also elongated in the NE-SW direction,

demonstrated to an extreme degree by the Umiam catchment (#6, Fig. 3).

4.2. Spatial patterns of channel steepness

Before interpretation of channel elevation and y profiles, it is important to identify spatial
changes in lithology which would influence rock erodibility and therefore channel steepness.
The task of determining exactly where lithological contacts are in the Shillong Plateau is
complicated by significant spatial disagreements between the primary sources used (e.g.,
Yin et al., 2010; Mukherjee et al., 2012a, 2012b, 2013a, 2013b, 2013c, 2014). Lithological
contacts in Yin et al. (2010) often follow topographic features and lineaments, suggesting
that some contacts were surveyed using satellite imagery. When disagreement occurs, we
refer to the Geological Survey of India’s District Resource Map series by Mukherjee et al.,
(2012a, 2012b, 2013a, 2013b, 2013c, 2014) which is based on field mapping. Linear
geological features are exploited by rivers throughout the plateau (Gupta and Sen, 1988;
Das et al., 1995; Biswas and Grasemann, 2005; Yin et al., 2010; Duarah and Phukan, 2011)
and evidence heterogeneities in lithological erodibility. However, while significant plan-form
control on flow routing is exerted by these features, comparison of linear channels with
their non-linear neighbours reveals limited elevation differences in the south and central
plateau region, suggesting that the extent of perturbations in long profile form driven by
these linear features is limited in the context of the large vertical scales (> hundreds of

meters) considered in this analysis. However, the preferential exploitation of linear features
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by river channels appears to significantly perturb channel profiles in the north-eastern

plateau region.

In a framework where fluvial incision rates scale with stream power or shear stress, river
profiles are expected to be inherently sensitive to long-term changes in precipitation.
Records from cave speleothems (Berkelhammer et al., 2012, Dutt et al., 2015) suggest that
monsoon strength fluctuates cyclically on millennial timescales, but records from ocean
sediments (Dettman et al., 2001) reveal that strong Indian Summer Monsoons have been
persistent for over 10 Ma. As the exhumation history of the plateau falls largely within this
timeframe, we assume channel profiles in the Shillong Plateau have not been significantly

perturbed by long-term climatic variability.

If we assume ks, values can be used as a proxy for erosion rates (e.g., Kirby and Whipple,
2012), the ks, data suggest that all southern catchments are experiencing high erosion rates
in the 30-50 km upstream of the Dauki Fault (Fig. 7b, 8). This however is inconsistent with
the low erosion rates derived from *°Be concentrations in river sands for these steep, deeply
incised channels, broadly on the order of 0.05 — 0.1 mm/yr (Rosenkranz et al., 2018).
Therefore any interpretation of channel morphology must take into account the apparent
discordance between the steep, incised topography along the southern boundary of the
plateau and the low erosion rates inferred from °Be concentrations. These ‘incised
channels’ are almost exclusively eroding basement rocks (Fig. 9) and changes in slope along
the river profiles were found to not always coincide with recorded changes in lithology

within the basement units (see also Prokop, 2014).
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The upper reaches of south draining channel networks typically display much lower ks,
values, consistent with the low relief landscape we observe in the central plateau (Fig. 7b, 8).
Some minor knickpoints are evident in these channel segments and many correlate with
lithological variations, e.g., remnant patches of sediments where the sedimentary bedding is
expressed in the elevation profiles as noted by Prokop (2014). Henceforth, these low ki,
channels are referred to as ‘plateau-top channels’. The plateau-top channels are parallel in
plots, suggesting spatially homogenous, low erosion rates (Fig. 8). This result is consistent
the independent records of exhumation from thermochronology which show that the
modern plateau surface must have been buried under a minimum of 3 km of sediment but
that exhumation has been extremely slow over the last 5.5-3.5 Ma (Biswas et al., 2007; Clark
and Bilham, 2008). It is also supported by recent '°Be data showing extremely low bedrock
erosion rates on the plateau surface, ranging between 0.002 and 0.006 mm/yr (Rosenkranz
et al., 2018). Catchment-averaged erosion rates from %8e concentrations in river sand on
the plateau surface were found to be surprisingly very high, higher than in the incised
channels, on the order of 0.14 — 0.2 mm/yr (Rosenkranz et al., 2018); however, the authors
attribute the high rates to recent anthropogenic disturbance (deforestation and soil

degradation).

Geological maps and cross-sections show that the plateau surface approximates the
exposed contact between the sedimentary cover and the crystalline basement (Biswas et al.,
2007). This is evidenced by the preservation of small patches of Palaeogene and Cretaceous
marine sediments scattered across the central plateau and found >50 km north of the
southern plateau margin, appearing as thin veneers on cross-sections (Mukherjee et al.,

2012a, 2012b, 2013a, 2013b, 2013c, 2014) (Fig. 10). This outcrop pattern shows there has
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been almost complete erosion of the sedimentary cover rocks but only limited incision into
the basement rocks of the central plateau. The surface created by the stripping of this
stratigraphic contact is evident in topographic profiles (Fig. 4) and accounts for the
systematic variations in the elevation of plateau-top channel segments observed in y plots
(i.e., dome shape reflected in decreasing plateau-top channel elevation east and westwards,
away from the centre, Fig. 8). These observations suggest that the long profile morphology
of the plateau-top channels is controlled by a low-relief palaeosurface that forms the
stratigraphic contact between the sedimentary cover and the basement rocks. The low
slope of this exposed palaeaosurface limits the erosive potential of these channels,
consistent with the low values of ks, observed. It is important to note that, in places, the
high contrast in erodibility is found within the sedimentary cover, as the lowest sedimentary
unit can be more resistant to erosion than the overlying sedimentary layers (Fig. 5b). In
most places, the boundary between erodible and resistant rocks is found at, or within 200 m

of, the sediment-basement contact.

Convex-up channels incising uniform lithology upstream of an active fault are typically
interpreted as recording an increase in the displacement rate on the fault (e.g., Whittaker et
al., 2008; Attal et al., 2011; Kirby and Whipple, 2012). In a x-plot, such channels would
appear with an inflexion point separating a steep section upstream of the fault (section
adjusted to the new throw rate) and a less steep section upstream of the inflexion point
representing the ‘relict’ landscape that has not yet responded to the change in throw rate.
The gradient of the y-profile represents the channel steepness ks, (Royden et al., 2000;
Perron and Royden, 2013). Within a given catchment, channels and tributaries incising

uniform lithology are expected to collapse into a single profile in y—elevation space; if
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adjacent catchments are experiencing similar forcing, they too are expected to collapse on
the same profile. Whereas the y-plots of the southern catchments display such form overall,
we note spatial variations in ks, between and within these catchments that are inconsistent
with this model (Fig. 7b, 8). While some noise is expected in real channel networks, y-plots
of southern draining rivers reveal channel networks where different channels display
markedly different gradients in y-elevation space (Fig. 8: see for example catchment 14 - the
Umngot River). Plateau-top channels systematically plot at different elevations with similar
gradients in y-elevation space, tracing the stratigraphic contact between basement rocks

and cover sediments.

Channel networks with outlets on the northern margin of the plateau (Fig. 11) display
patterns of steepness similar to those observed within the southern channel networks, with
low-gradient plateau-top channels connecting to the Brahmaputra River via steep channels;
the vertical magnitude of the knickzones (steepened reaches) is variable, from 400 to in
excess of 1000 m (Fig. 11). In general, the northern catchments are more heterogeneous
than the southern catchments, with significant within-catchment variability in channel
steepness. As they reach the Brahmaputra valley, some of the northern channels undergo a
dramatic downstream transition from a continuously steep bedrock channel dominated by
large boulders to a low gradient, sandy alluvial channel; the change can occur very abruptly
(e.g., within ~100 m on the Umkhen River #7, Fig. 3, 11; see transition at latitude 25.957204
and longitude 92.519296 on Google Maps, retrieved 18/07/2018) and is not coincident with
an obvious change in valley relief. The main topographic differences with the southern
margin are that the plateau margin is irregular in plan-form (instead of linear) and that the

dissection is more irregular than and not as dramatic as in the south.
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4.3. Scarps as significant morphological features on the plateau

A number of topographic scarps exist on the Shillong Plateau. Notably, the 50 km long, ~500
m high, northeast facing Khri scarp in the center-north of the Shillong Plateau, delineates
the most northerly extent of the high-altitude, low relief plateau landscape (Fig. 1).
Channels that dissect this scarp display high ks, values upstream (Fig. 1, 7, 10). The Khri
scarp is cut into basement rocks and does not correlate with any lithological contacts in
geological maps (Mukherjee et al., 2012a, 2012b, 2013a, 2013b, 2013c, 2014). Another 30
km long, 400 m high, northeast facing scarp, is located at the southwest corner of the

plateau, following the SW side of the Kynshi River (river #9, Fig. 1, 3).

The Kynshi scarp is made of Cretaceous — Paleogene cover sediment and its base coincides
with the contact with the crystalline basement rocks. Similar, although smaller and less
extensive, north-facing scarps, are present in the sedimentary rocks perched on the
interfluvial plateau remnants along the southern plateau margin (Fig. 1). Similar to the
Kynshi scarp, the base of these scarps is controlled by planar stratigraphic contacts between
the sedimentary cover and either basement rocks or the oldest, hardest sedimentary strata

immediately on top of the basement.

5. Discussion

5.1. Drainage network planform and river capture

Despite not being able to compare y values across the divide separating northern and

southern catchments (due to differences in base level), longitudinal ¥ coordinate mapping
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reveals overall equilibrium between major catchments, demonstrating the planform
stability of the large-scale drainage network in the Shillong Plateau. At the local scale,
significant differences in xy coordinates across drainage divides do occur. Across-divide
differences in the Umiam catchment (#6) may reflect the natural propensity for an
extremely narrow catchment to widen, whereas the differences along the eastern boundary
of the Umngot catchment (#14) (Fig. 3, 7a) may indicate progressive plateau integration and
drainage area gain, consistent with the observation that the eastern branch of the Umngot
is more entrenched than its neighbours on the plateau (Fig. 1, 3). Differences in y values
and abundant headless channels observed in south draining catchments show internal
drainage reorganisation; river capture is actively occurring around the northern edges of
interfluve plateau remnants surrounded by deeply incised river valleys. The depth of incision
of the captor channel is typically more than one order of magnitude greater than that of the
headless, victimized channel: the low entrenchment of plateau top-channels (low relief) is

likely to facilitate capture by their deeply incised neighbours.

The general trend for the NE-SW elongation of catchments on the Shillong Plateau is
directionally coincident with the dominant structural fabric of the sheared basement rocks
and the trend of the Badapani-Tyrsad shear zone (Fig. 1). Yin et al. (2010) argue for Tertiary
activity of the Badapani-Tyrsad shear zone based on its notable topographic expression, the
spectacular elongation of the Umiam catchment (#6, Fig. 3) and hair-pin geometry of the
same river observed crossing the fault. However, examination of the numerous sections of
rivers crossing the proposed shear zone and, presumably, experiencing the same proposed
offset reveals only a single example of such geometry. Additionally, the magnitude of lateral

offset required to shear catchments to the observed degree is not realistic in the wider
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geological context of the plateau: catchment width is more than an order of magnitude
shorter than catchment length, which would require tens of km of displacement (see Hallet

and Molnar, 2001).

Where catchments are being actively sheared, dynamic reorganisation of drainage basins is
to be expected, which should lead to systematic differences in x values at divides (Hallet and
Molnar, 2001; Castelltort et al., 2012; Goren et al.,, 2015). However the overall inter-
catchment equilibrium revealed by the y coordinate map of the Shillong Plateau (Fig. 7a)
suggests active shearing of catchments is unlikely to be occurring. Instead, we attribute
catchment elongation to differential erosion of previously sheared basement rocks, creating
NE-SW trending topographic ridges which serve to isolate catchments, and linear
weaknesses that entrain rivers. Indeed, lineaments topographically expressed by
preferential river incision are common throughout the Shillong Plateau (Fig. 1). These
features have been noted by a number of authors who have attempted to use satellite
imagery to map the structure of the basement rocks and infer tectonic information (e.g.,
Gupta and Sen, 1988; Das et al., 1995; Biswas and Grasemann, 2005; Yin et al., 2010; Duarah

and Phukan, 2011).

5.2. Topographic evolution of the northern Shillong Plateau

The northern plateau margin with the Brahmaputra valley sediments is convoluted,
suggesting that it is not directly fault-controlled. The intricate plateau margin and outcrops
of basement rocks north of the Brahmaputra, observed to within 30 km of the Himalayan
mountain front (Fig. 2), imply that the basement surface underneath the alluvial sediments

of the Brahmaputra valley is highly irregular. The abrupt transition from steep boulder and
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bedrock channels to alluvial channels along the boundary of the plateau (e.g Umkhen River,
see section 4.2), combined with no obvious change in valley relief at this transition, and the
very low relief across the Brahamputra valley, imply recent aggradation leading to the burial

of pre-existing topography.

Thermochronology data show the basement rocks of the northern Plateau region were
exposed in the late Cretaceous, buried under 1.15 to 2.75 km of sediment, and exhumed in
the late tertiary (Biswas et al., 2007). This implies that rock uplift led to the entire stripping
of this post-Cretaceous sedimentary package and exposure of the basement rocks along the
northern margin of the plateau. The knickzones along the northern channels may represent
the topographic response to uplift and local steepening driven by faulting of crustal flexure
(e.g., Clark and Bilham, 2008), or may be antecedent landscape features that were buried
during the late Cretaceous — Tertiary and re-exhumed following the post-Miocene uplift of

the plateau.

We hypothesise that the base-level fall signal needed to expose the basement along the
northern channels (Fig. 11) is punctuated by ‘noisy’ dynamic fluctuations in the elevation of
Brahmaputra valley sediments, consistent with the observation by Rajendran et al. (2004) of
abundant patches of “older alluvium” fringing basement rock outcrops in the Brahmaputra
valley. Such scenario seems reasonable, as the Brahmaputra has the highest sediment load
of all the rivers on Earth (Milliman and Syvitski, 1992) and sediment pulses can be generated
by stochastic events such as earthquakes (e.g., Schwanghart et al., 2016) and floods (Sarma,
2005). In short, channel morphology in the northern region is complex and possibly

controlled by the inheritance of ancient river channels that were buried under sediment in
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the late Cretaceous (Biswas et al., 2007). It seems probable that this Cretaceous landscape
effectively continues underneath the Brahmaputra valley, buried under Cretaceous —
Tertiary cover (Clark and Bilham, 2008) that is itself covered in modern alluvium. High-
resolution imaging of the basement surface underneath the Brahmaputra valley sediments
could test the interpretations presented here and provide key insights into the evolution of

the northern plateau.

5.3. Stripping mechanisms in the southern Shillong Plateau

Topographic and geological observations reveal the almost complete stripping of the
sedimentary rocks that cover basement units across the southern and central plateau region,
re-exposing a basement palaeosurface which forms the modern plateau surface (Fig. 4, 10).
As the landscape has inherited the topography of this exhumed, low-gradient, low-relief
palaeosurface, it has also inherited low slopes which limit the rate of erosion in channels
and on hillslopes and encourages the development of an apparently mature landscape (Fig
5a). The shape of the basement palaeosurface has been slightly modified by deformation
from a once presumably flat landscape, as evidenced by its domed shape (e.g., Fig. 4),

leading to spatial variation in plateau surface slopes (Rosenkranz et al., 2018).

The observation of large, abundant scarps in the remnants of sedimentary cover suggests
that scarp retreat may have been an important process in generating the modern
topography of the Shillong Plateau. Indeed, scarp retreat has been identified as a
fundamental process of landscape evolution in many landscapes where significant
thicknesses of sub horizontal, well-stratified sediments are being eroded, for example: in

the Colorado Plateau in the southwest USA (e.g., Schmidt, 1989); in the Chapada do Araripe
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plateau in Northern Brazil (de Carvalho Junior, 2015; Peulvast and Bétard, 2015); in the
Tepui landscape of the Gran Sabana in Venezuela (Piccini and Mecchia, 2009; Mecchia et al.,
2014). Karstic cave formation and subsequent collapse has been shown to be an important
mechanism for generating the scarp-bound Tepui plateaus in Venezuela (Wray, 2009;
Mecchia et al., 2014). The abundance of caves and karst formations in the sediments of the
Shillong Plateau suggests this process may also have played an important role in the
plateau’s landscape evolution. The scarps observed in remnant sedimentary rocks in the
Shillong Plateau (e.g., Kynshi Scarp, Fig. 1) consistently face the center of the plateau,
counterintuitively suggesting scarp retreat from the center of the plateau towards the Dauki
Fault. This model is consistent with the observation that all the remnant sedimentary cover
is found along the edge of the southern plateau margin (Fig. 2, 10). We might intuitively
expect the preservation of sedimentary remnants at the highest elevation regions in the
central plateau (e.g., Braun et al., 2014), so how can this spatial pattern of sedimentary

cover be explained?

Recent theoretical work investigating the evolution of landscapes composed of layered
rocks characterized by differences in erodibility provides a possible explanation: Forte et al.
(2016) used an evolution of the Channel-Hillslope Integrated Landscape Development
(CHILD) model (Tucker et al., 2001) to investigate the erosion of a stratigraphic package of
two different lithologies with different erodibilities (one ‘hard’ and one ‘soft’). They
modelled a scenario where a landscape with an open boundary on one side (‘south’) is
uplifted at a constant rate; softer rocks overlie hard rocks, with a contact dipping 5° towards
the open boundary. This situation is almost directly analogous to the geological setting of

the southern Shillong Plateau, where several km of sedimentary rock overlaid presumably
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less erodible crystalline basement along a planar contact dipping ~5° south towards the
Dauki fault, with catchments also draining southwards (Fig. 12). The results from this
numerical experiment show uniformly high erosion rates across the entire surface of the
softer lithology until the underlying hard lithology is exposed, first at the upstream
boundary (‘north’) (Forte et al., 2016). A wave of low erosion rates then propagates through
the landscape from north to south, as more resistant rocks are progressively exposed,
eventually leaving only small patches of soft rock perched on high interfluvial ridges near
the outlet boundary (south). The exposure of the hard rocks leads to the development of a
low relief surface with erosion rates significantly lower than the rock uplift rate, thus driving
surface uplift. When most of the softer lithology has been eroded away, a pulse of incision
develops in the lower reaches of the channels (south) and begins generating significant
relief in the underlying hard rocks. The spatial pattern of erosion rates in the landscape at
the stage when only minor remnants of the softer lithology remain near the outlet boundary
closely resembles the spatial pattern of steepness that our topographic analysis reveal in
the Shillong Plateau. Additionally, the pattern of sedimentary rocks left along the southern
plateau margin (Mukherjee et al., 2012a, 2012b, 20133, 2013b, 2013c, 2014) bears a striking
similarity to these model results (Fig. 10). Forte et al. (2016) found that the dynamic
patterns of landscape evolution were extremely sensitive to the slope of the stratigraphic
contact: with a horizontal contact, soft rock was stripped in the opposite direction, from the
open boundary upstream through the channel network. Therefore we suggest, with the
benefit of insights from theoretical work (Braun et al., 2014; Forte et al., 2016), that the
slope of the contact between the sedimentary cover and the basement rocks (~5° towards

the south in the southern plateau) plays a fundamental role in controlling the observed
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distribution of remnant sedimentary cover, the direction of scarp retreat and indeed

landscape evolution as a whole (Fig. 12).

Further, we seek to explain the observed variability in channel profiles along the southern
margin of the plateau. The degree and depth of incision in incised channels appears to
positively correlate with the slope of the plateau/basement surface: catchments at the
eastern and western extremities, where the plateau surface is more gently sloping, are less
deeply incised than in the centre of the southern region: deepest incision correlates with
steepest plateau surface slopes (Fig 1, 4a). Thus, the variability in channel profiles and
incision depths can hypothetically be accounted for by a model of incision dependent on the
slope of the inherited basement contact surface, though we note that slope and total
potential relief are correlated due to the dome shape of the palaeosurface (Fig. 4). However,
this model does not satisfactorily account for the abruptness of the amphitheatre-like
headwalls of the incised channel valleys: if incision depth were directly dependent on
plateau surface slope, we would expect gradual diffusion of the incised valleys into the
plateau, as the slope of the basement tends to gradually increase away from the centre of

the dome.

We therefore speculate the existence of a critical threshold slope and/or sediment flux that
must be exceeded to generate significant incision. Once this threshold has been exceeded
and incision has begun, it is plausible that incised reaches may experience a positive
erosional feedback following the generation of sediment for use as ‘tools’ for erosion (e.g.,
Gilbert, 1877; Sklar & Dietrich, 1998, 2001, 2004), although knickpoints may struggle to

retreat headward if starved of sediment due to slow erosion in the plateau-top channels.
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Brocard et al. (2016) demonstrated that high-elevation, low-relief relict landscapes can limit
the rate of headward incision in steep downstream channels by moderating the flux and
grain size distribution of sediment (see also Attal et al., 2015), thereby limiting erosion. A
similar model would neatly account for the amphitheatre morphology of the incised river
valleys along the southern plateau margin. This model could also explain the surprising
preservation of the low-relief plateau landscape in what would initially appear a highly

erosive setting: rapid uplift combined with record-breaking precipitation.

However, this positive erosional feedback is challenged by recent °Be-derived, low erosion
rates in the incised portions of the southern catchments (~0.05 — 0.1 mm/yr), which appear
inconsistent with the exceptionally high precipitation rates and very steep channels and
hillslopes (Rosenkranz et al., 2018). Rosenkranz et al. (2018) explain this observation by
highlighting that low precipitation variability relative to a high erosion threshold in resistant
rocks, as well as dense vegetation cover on hillslopes, may inhibit erosion. Our work builds
on this hypothesis, in particular regarding the influence of thresholds. We do believe that
there is enough precipitation variability to drive significant floods, as evidenced by very clear
high-flow lines separating densely vegetated hillslopes from clean, polished bedrock
surfaces in all channels; such lines were found up to 20 m above dry season low-flow lines
(Fig. 9). However, our widespread observation of steep bedrock reaches strewn with
boulders that are several metres in diameter and exhibit extensive potholes and flutes (Fig.
9) indicates long-term stability: such large boulders will only be moved during the very
highest discharge, or following size reduction through abrasion (e.g. Cook et al., 2018). This
observation highlights a potential negative feedback that is initiated once incision has

reached a given amount: the formation of deep narrow gorges will lead to increased
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delivery of large blocks (via rockfalls and landslides) which may in turn inhibit river incision

(Howard et al., 1994; Attal, 2017; Shobe et al., 2018).

5.4. Topography and tectonic models of Shillong Plateau structure

Different authors have favoured different interpretations of the major tectonic structures
that drive the uplift and exhumation of the Shillong Plateau. The linear southern boundary
of the plateau has variably been interpreted as representing the location of a surface-
rupturing Dauki fault (following the “pop-up” model of Bilham and England, 2001) or as the
axial trace of a large scale, south-vergent monocline produced by a Dauki Fault that only
exists at depth (Clark and Bilham, 2008) (Fig. 12). There is debate about which, if any, major
fault(s) control uplift on the northern side of the Shillong Plateau (Rajendran et al, 2004; Yin
et al., 2010). Here we discuss the relevance of our topographic and geological observations

to the tectonic framework of the Shillong Plateau.

The stratigraphic surface of the basement rocks, presumably once flat, is deformed in both
north-south and east-west directions, giving an overall dome shape (Fig. 4). This
deformation is clearly evident in plateau-top rivers that trace this stratigraphic contact (Fig.
8). Rosenkranz et al. (2018) also noted this feature of the drainage network and, based on
the assumption that the channel network is transiently responding to uplift, suggested that
the different elevations of major knickpoints below plateau-top channels evidences
differential uplift of the southern plateau margin, with maximum uplift in the centre. We
argue that, as the plateau-top channels simply represent a stratigraphic contact and the

transient migration of knickpoints has been substantially complicated by layered lithologies
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of varying erodibility, the channels cannot be used to infer active deformation of the
plateau surface or differential uplift. Whether the doming deformation of the stratigraphic
contact between basement rocks and the sediments occurred prior to the onset of
exhumation or is associated with the rise of the plateau remains an open question. The
linear margin of the southern Shillong Plateau is not definitive evidence for a surface-
rupturing plateau-bounding fault: the linearity of the margin’s topography is also consistent
with the stripping of soft overlying strata along planar contacts under the south-vergent

monocline model (Clark and Bilham, 2008) (Fig. 12).

In the northwest, the topographic expression and geology of the Khri Scarp, which
delineates the northern boundary of the high-elevation low-topography plateau, lends itself
to interpretation as an active fault scarp. The scarp may be the topographic expression of
rupture on the Oldham fault, the existence of which was originally inferred based on re-
analysis of geodetic data (Bilham and England, 2001; England and Bilham, 2015).
Subsequently, its existence was supported by thermochronology studies (Clark and Bilham,
2008; Biswas et al, 2007) and topographic metrics such as normalized channel steepness
(Clark and Bilham, 2008) and incision depth (England and Bilham, 2015). Local steepening of
channels at the scarp revealed by the analysis of the y profiles (Fig. 7b, 11a), despite no
lithological change, is consistent with the Khri scarp’s interpretation as an active fault scarp.
In the northeast, basement rocks have been uplifted (Biswas et la., 2007; Clark and Bilham,
2008) and exposed (Fig. 2) on the Himalayan side of the Oldham fault suggesting that
movement on the Oldham fault is not the only tectonic deformation controlling Plateau

uplift to the north. The morphology of the northern plateau margin shows it is not
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immediately bound by a single linear fault as in the south (see discussion in section 5.2),
suggesting the tectonic uplift is possibly accommodated by (e.g., Clark and Bilham, 2008): (i)
flexure of the crust across the Himalayan foreland, (ii) blind faulting at depth, or (iii) a
complex array of faults reaching the surface in the Brahmaputra valley sediments, the
topographic signature of which is readily erased by levelling processes in the soft alluvium or

episodic aggradation across the Brahmaputra valley.

5.5. Implications for the evolution of the Shillong Plateau and the analysis of river long
profiles

The geomorphology of the Shillong Plateau shows that differences in lithological erodibility
in layered rocks can have dramatic effects on channel profile form, which can be inherited
even after the contrasting rocks are no longer preserved. Recent research has argued that
the contrast in rock erodibility between basement and sedimentary cover ‘is not the
dominant factor responsible for the change from exhumation to surface uplift’ and invoked
a tectonic driver instead (Govin et al.,, 2018). Govin et al. (2018) observe a ~3.5 Ma lag
between initiation of surface uplift and the moment basement rocks from the Shillong
Plateau become the primary sediment contributor to the sedimentary basin to the south
(after 1.5 Ma), which they interpret as evidence to support an increase in fault slip rate at
the end of the Miocene. However, we argue that exhumation of resistant basement rocks
can explain both modern morphology and the lag time between exhumation, surface uplift
and release of crystalline basement lithologies without requiring an increase in rock uplift

rate.
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Firstly, recent modelling by Forte et al. (2016) shows that exhumation of a tilted contact
between a ‘soft’ lithology and its underlying ‘hard’ basement can lead to surface uplift and
spatial distribution of exposure consistent with observed patterns across the Shillong
Plateau. Their study shows that when the hard lithology is exposed over a given area, the
erosion rate drops over the area, which is what drives surface uplift. Therefore, the hard
lithology does not become a significant contributor of sediment to the sedimentary basin
until the erosion rate over the areas where it is exposed increases (see transition from “2-
3.5 Ma” to “present day” stages in Fig. 12): a delay between rock exposure and supply to
the basin is thus expected. In the model by Forte et al. (2016), the timescale over which
erosion rates across the hard lithology re-equilibrate to the uplift rates is on the order of
millions of years. We acknowledge that the modelling study is simplistic and not calibrated
to the Shillong Plateau, albeit performed on a similar scale. This result nevertheless offers a
mechanism which could contribute to the ~3.5 Ma delay between surface uplift and the
arrival of significant amounts of basement-derived sediment to the sedimentary basin to the
south. Secondly, we observe in places that the basement rocks are overlain by sedimentary
strata that are sufficiently durable to form scarp slopes and retain high topography (Fig. 5c).
Therefore, it is also possible that the initial growth of higher elevation topography did not
require full exposure of crystalline basement, but was initially driven by the increasing
exposure of the lowest part of the sedimentary cover that had been buried and gained great
rock strength. Such process could have delayed the emersion of the crystalline basement
and thus the delivery of basement-derived sediment to the basin to the south. Considering
this hardened sedimentary succession is up to 200 m thick in places, it seems reasonable to
expect a delay of a few millions of years between accelerated surface uplift and delivery of

basement clasts to the Surma Basin, given erosion rates of 0.05 to 0.1 mm/yr.
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We argue that the channel profiles in the Shillong Plateau cannot be interpreted (in the style
of Kirby and Whipple, 2001) as a record of uplift resulting from activity along the Dauki fault.
Instead, the profiles primarily preserve information about stratigraphy. Therefore, when
attempting to use river long profiles as records of uplift, it is important to consider not only
the rocks the river is currently incising but also the rocks that have been incised in the past.
This would require a firm evidence-based understanding of the relative erodibility of rocks,
which remains outstanding, and detailed geological information about lithological packages
which may no longer be preserved, thus presenting a challenge for future geomorphological

studies.

6. Conclusions

The topographic character of the northern Shillong Plateau region is systematically different
to that of the southern and central plateau. A zone of high steepness is observed in the
lower reaches of northeast draining rivers, although there is not sufficient evidence to
definitively attribute these knickzones to base level fall or lithological variation. The plateau
boundary is highly irregular in plan-view, testifying to the active stripping followed by
aggradation of sediment from the Brahmaputra valley; the Brahamputra River exerts a base
level control on the rivers draining the northern edge of the Shillong Plateau. Catchment
morphology and topography in the northern Shillong Plateau is dominantly controlled by
the structure of basement rocks and the topographic features of the north-eastern region
are reminiscent of stable cratonic interior landscapes. We favour a model where the

topography and river profiles effectively represent a reactivated Mesozoic landscape,
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consistent with burial in the late cretaceous and re-exposure by sediment stripping under

the present phase of exhumation which began in the Miocene.

The southern and central Shillong Plateau has been planated by the preferential erosion of
cover sediments along the contact with the basement, re-exposing a palaeosurface which is
expressed as the modern low relief surface of the Shillong Plateau. Scarp retreat towards
the plateau margins appears to be an important erosion mechanism, facilitating the
effective removal of sediments from the low gradient palaeosurface. The plateau margins
are fluvially dissected, generating > 1500 m of relief. Such high contrasts in steepness
within catchment networks appear to be facilitating the internal reorganisation of drainage
networks, as evidenced by river capture events. Our observations support recent work
documenting erosion rates in the steep, incised parts of the landscape (Rosenkranz et al.,
2018): despite record-breaking rainfall, erosion is very slow (~0.05-0.2 mm/yr) due to very

high erosion thresholds resulting from the mantling of the river bed by very large boulders.

We acknowledge that surface rupture of the Dauki Fault and/or an increase in fault slip rate
may explain (i) deep incision along the southern plateau margin, (ii) the lag time between
exhumation (beginning in the early Miocene) and surface uplift (initiating at the end of the
Miocene) of the Shillong Plateau, and (iii) the ~3.5 Ma lag time between the initiation of
surface uplift and the arrival of significant amounts of basement-derived sediment to the
sedimentary basin to the south. However, we argue that exhumation of the tilted basement
surface can explain all observations without recourse to changing fault slip rates, and that
indurated sedimentary rocks immediately above the basement may have delayed the arrival

of basement-derived sediment in the Surma basin. We propose that the surface slope of the
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exposed basement contact is exerting a control on the spatial pattern of fluvial incision, with
headward retreat possibly moderated by low sediment fluxes from the plateau interior.
This model of landscape evolution, supported by insights from previous theoretical work,
neatly accounts for the spatial variations in topography, erosion rates, sedimentary cover

and incision depth observed in the Shillong Plateau.
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Figure caption

Figure 1: Topographic map and swath profiles of the Shillong Plateau. ~¥30 m resolution data
from the Shuttle Radar Topography Mission (SRTM) were used. Northing and Easting (in km)
is UTM WGS 1984 Zone 46N. Location of swaths is indicated by dashed boxes on the map.
Major structural features, scarps (discussed in text) and location of photos (stars with

corresponding figure labelled in italics) and cross-sections are indicated.

Figure 2: (a) Schematic geological map of the Shillong Plateau and surrounding area,
adapted from Mukherjee et al., 2012a, 2012b, 2013a, 2013b, 2013c, 2014, Clark and Bilham,
2008, Yin et al., 2010, and Prokop, 2014. MFT, MBT and MCT are major Himalayan thrust
faults: Main Frontal Thrust, Main Boundary Thrust and Main Central Thrust, respectively.
BTSZ is the Badapani-Tyrsad Shear Zone . ‘Shillong group’ rocks are meta-sedimentary

(quartzite, schist, conglomerate). Circled X and Y represent tips of the section shown in B.
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(For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.) (b) North-South (X-Y) crustal cross-section adapted from
Biswas et al., 2007. Upward and downward block arrows represent areas of uplift and
subsidence, respectively. Dark grey represents post-Cretaceous sediment; white is
metamorphic and igneous basement. Light grey and vertical hash represent minimum and
maximum thickness of cover removed by erosion, respectively, derived from

thermochronological data (Biswas et al., 2007).

Figure 3: Catchment map of major catchments draining the Shillong Plateau. Not all local
river names are known, but known names are 3: Wah Khri; 4: Umtrew; 6: Umiam; 7:
Umbkhen; 8: Wah Blei; 9: Kynshi; 10: Um Rilang; 11: Umngi; 12: Umiew; 13: Umraw; 14:
Umngot (known as the Dauki River after crossing the Bangladesh border); 15: Myntdu.
Catchment shadings distinguish between western catchments (1, 8, 9), northern and north-

eastern catchments (2-4 and 5-7), and southern catchments (10-15).

Figure 4: Topographic profiles highlighting the differences in character of topographic relief
between the southern (top) and northern (bottom) plateau regions. Profiles are located on

Fig. 1 (indicated by letters with subscript).

Figure 5: Landscape photographs illustrating the Shillong Plateau’s geomorphology. All
pictures are from the southern part of the plateau (location of photographs in Fig. 1). (a) A
planated plateau surface (foreground and horizon) formed along a stratigraphic level in
cretaceous cover sediments with a deeply incised valley visible in the background. (b)

Amphitheatre headwall of a fluvial channel, showing topographic expression of contrast in
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rock resistance to erosion. (c) View looking down the lower Kynshi River (below the
confluence of basins #8 and #9) with the ridgeline of the Kynshi scarp visible in the
background. The valley at this location approximately corresponds to the valley incised in
basement rocks in the centre of the cross section in Fig. 10c. All photos by Joe Rea-Dickins,

2016.

Figure 6: Drainage stability in the Shillong Plateau. (a) x map of the southern Shillong
Plateau. Differences in y values can be seen in multiple places across drainage divides, in
particular on north-facing scarps in the south of the larger catchments. Red arrow shows
approximate viewpoint for the Google Earth imagery in panel (b), with potential capture
sites indicated with red stars. (b) Google Earth imagery showing contrast in relief between
plateau top and incised channels, and two potential capture sites characterised by low relief
saddles (stars). White arrows show structurally entrained drainage while white triangles
point towards potentially reverted drainage directions as a result of rapid incision by
aggressor channels (red arrows). Distance from eastern capture site (star) to the edge of the

plateau is indicated for scale (~6 km).

Figure 7: (a) x map on hillshade for major basins of the Shillong Plateau. Differences in y
coordinate at drainage divides may reflect disequilibrium and potential drainage migration,
with the “aggressor” and “victim” catchments characterised by the lowest and highest x
values, respectively (Willett et al., 2014). Disequilibrium seems to occur only locally, e.g., in
the narrowest stretch of the Umiam catchment (#6) and on the eastern boundary of the
Umngot catchment (#14). (b) Map of normalised steepness index ks, on hillshade for major

basins of the Shillong Plateau. Colour scale for ks, is logarithmic, with brighter colours
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representing steeper channels. ~30 m resolution data from the Shuttle Radar Topography
Mission (SRTM). Northing and Easting (in km) is UTM WGS 1984 Zone 46N. In this figure,

threshold area for a channel is 1.75 km?.

Figure 8: x plots of the western (a) and southern channels (b, c). Basin numbers correspond
to Figure 3. The x plots were generated using 6 = 0.5 and Ag= 1 m?. Profiles are coloured
according to the normalised steepness index ks, with brighter colours representing steeper
channels. Note the clear contrast in steepness between plateau-top and incised channels, as
well as the doming shown by the decrease in elevation of plateau top channels away from

the centre of the area (eastward and westward from basin #12).

Figure 9: Photographs illustrating the morphology of rivers draining the southern margin of
the Shillong Plateau (location of photographs in Fig. 1). Kayaks for scale are approximately 2-
3 m long. (a) Mixed boulder/bedrock channel in the Umngot River (#14) with fluvial scouring.
(b) Mixed boulder/bedrock channel formed of basement rocks in the upper Kynshi River (#9).
Note the relatively low gradient, low entrenchment and limited bank scouring in this
plateau-top channel. (c) Dramatic high-water scour lines from monsoon flows on the lower
Kynshi River (below the confluence of basins #8 and #9), 10-15 meters above low flow water
level. (d) Large boulders in the Kynshi River (#9). (e) In-situ scoured and potholed boulders
in the Umsong River (#14). (f) Large boulder in the channel of the Kynshi River showing un-
abraded surfaces, testifying to its relatively recent arrival in the channel via rockfall /
landsliding. Photographs by Zorba Laloo (a,b), Banshan Kharkonger (c), Chris Korbulic (d,f)

and Dan Rea-Dickins (e).
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Figure 10: (a) Modelled topography and geology resulting from fluvial and hillslope erosion
using the LithoCHILD model, adapted from Forte et al., 2016 (their Fig. 4C). In their model,
erodible rocks overly basement rocks that are five times more resistant to erosion; in this
scenario, the contact between the two units dips 5° toward the south. This figure shows
model result after 1.6 Ma, when most of the top erodible layer has been eroded away. (b)
Remnant patches of sedimentary cover rocks overlying crystalline basement in the central
part of the southern Shillong Plateau (from geological maps produced by the Geological
Survey of India (GSI) (Mukherjee et al., 2012a, 2012b, 2013a, 2013b, 2013c, 2014); the
patterns show similarities with the model results in (a). The X’-Y’ line represents the trace of
the cross-section (c). (c) Geological cross-section X’-Y’ illustrating the veneer of cover
sediments left on a planar basement contact following the stripping of sedimentary strata.
The cross-section was built using information (contacts, strike and dip of contacts) recorded
in maps produced by the GSI (Mukherjee et al., 2012a; 2012b; 2013a; 2013b; 2013c; 2014).
The north-facing scarp made of Cretaceous sediment is the Kynshi scarp. Note vertical

exaggeration (dip of contacts is ~5°).

Figure 11: y plots of the northern (a) and north-eastern channels (b). Basin numbers
correspond to Fig. 3. The y plots were generated using 6 = 0.5 and Ap=1 mZ. Profiles are
coloured according to the normalised steepness index ks, with brighter colours

representing steeper channels.

Figure 12: Schematic block diagrams illustrating potential geomorphic evolution of the
southern margin of the Shillong Plateau based on our analysis. Displayed are two

interpretative progressions of landscape evolution through time, each illustrating a different
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end-member tectonic hypothesis: a surface rupturing Dauki fault (left) (e.g. “pop-up” model

of Bilham and England, 2001) versus a large scale south-vergent monocline (right) (e.g. Clark

and Bilham, 2008). Note that the current landscape form and its evolution are displayed as

being broadly similar under both tectonic end-member models as the incision signal is

interpreted here as a consequence of the exhumation of the interface between the

sedimentary cover and the more resistant basement. Landscapes with uniform relief are

expected to be generated when one lithology is exposed at the surface for a time long

enough to reach equilibrium.

Evidence Onset of Onset of Author(s)
rock uplift surface uplift

Stratigraphic, sedimentological, and 23-5Ma 5-2 Ma Johnson and Alam,
petrographic analysis of the Shylet Trough (Miocene) 1991
sedimentary archive
Apatite and zircon (U-Th-[Sm])/He and 15-9 Ma 4-~3 Ma Biswas et al., 2007
apatite fission track thermochronology
Apatite (U-Th-Sm)/He thermochronology 14-8 Ma n/a Clark and Bilham,

2008
Flexural subsidence modelling of the Shylet n/a 3.5-~2 Ma Najman et al., 2016
Trough sedimentary basin
Erosion rates from detrital cosmogenic n/a 5-3 Ma Rosenkranz et al.,
nuclide analysis and reconstruction of 2015
eroded volumes from topography
Dating of redirection of the palaeo- n/a 5.2-49 Ma Govin et al., 2018

Brahmaputra River using the Himalayan

foreland basin sedimentary record




1196

1197

1198

1199

1200

Table 1: Summary of recent work temporally constraining the uplift history of the Shillong
Plateau. Note the differentiation between onset of rock uplift (exhumation) and onset of

surface uplift (when erosion rates fall behind rock uplift rates).
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