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Prologue

High mountain regions around the world were fascinating for me throughout my life.
Rough landscapes and mountain peaks with lush meadows between and in front are the
beauty of these regions. However, this environment is a tough place for people who call
these unpredictable regions their home. Nevertheless, valley fills, fan surfaces and river
sides are preferred locations where people profit from the abundance of water and often
from productive land. The Himalayas are drained by some major rivers along which, people
have been settling for several thousand years. The adjustment of rivers after disturbances,
in a country like Nepal with high magnitude earthquakes and many landslides, is still
poorly understood. I am happy to be part of a research team studying the origin of the
Pokhara Valley infill. During field work, I got to know Nepal as a fascinating and unique
place because of its landscape: mountains, large rivers, culture and people. The locals
and their way of life are of great interest to me in many ways as many of them live with
almost nothing. However, they are pleased with what they have, sharing the little they
possess with friends, neighbors, and foreigners. They are friendly, helpful, curious and
always happy to talk to you. For tourists, Pokhara is the place to go before starting
the next trekking tour or to admire the stunning view to the Annapurna peaks during
sunrise. Many locals run hotels and restaurants at Phewa lake side or run shops to sell
Nepalese clothes, scarfs, hats or Himalayan tea. Those in the tourism business may earn
sufficient money for living, but many others need to earn their money by farming, road
construction, or in gravel mining on the Seti River. The river cuts through Pokhara
city and during monsoon season it is very fast flowing, while during the dry season it
becomes a calm meandering stream. This is the time when gravel miners work at river
banks. Some families even move for this time of the year to Ramghat, a place in Pokhara
city (see Fig. 3.1 for location) along the river. Ramghat forms a topographic depression
surrounded by up to 60 m high terraces on which the city is built on. Some children are
not able to go to school during low river flow because they need to work in gravel mining.
Ramghat appears as a gaping hole in the alluvial landscape (see images on the previous
and the next page) where hundreds of people are working in gravel pits, shoveling, sifting

sand, and sorting gravels to finally carry the sands to the top of the terrace. It is a surreal



view to witness the sheer size and scale of river mining in a popular tourist city; hundreds
of people are dotted along Seti’s river bed with yellow or white plastic bags, some of them
carry baskets on their back. I remember seeing children, women, and men working in these
gravel pits, picking up bags of sand, silt, and gravel of estimated 70 kg, and carrying them
up to the top of the terrace on little trails hoping to get 20 rupees (about 15-20 euro cent)
per bag. River mining has become automated in most parts of the world, while in Nepal
human labor is cheaper than digging equipment. Moreover, the Ramghat river mine is
technically illegal like so many in the Pokhara and Kathmandu Valley. Nonetheless, huge
amounts of material are taken from the river gravel beds each day.

With this thesis, I got the chance to learn not only the geological history of the Pokhara
Valley, but also the culture and Nepalese people; 1 learned to combine different topics
from sedimentology and their archives to radiocarbon dating, the earthquake history of
the country and fluvial adjustment after strong perturbation. In Nepal, it seems the clock
is ticking slower than in Europe. For me, the people and their future is the motivation

studying the geological history of the valley. Knowing about the modern hazards and

learning from the past may provide some of them with a better life in future.




Abstract

Fluvial terraces, floodplains, and alluvial fans are the main landforms to store sediments
and to decouple hillslopes from eroding mountain rivers. Such low-relief landforms are also
preferred locations for humans to settle in otherwise steep and poorly accessible terrain.
Abundant water and sediment as essential sources for buildings and infrastructure make
these areas amenable places to live at. Yet valley floors are also prone to rare and cata-
strophic sedimentation that can overload river systems by abruptly increasing the volume
of sediment supply, thus causing massive floodplain aggradation, lateral channel instability,
and increased flooding. Some valley-fill sediments should thus record these catastrophic
sediment pulses, allowing insights into their timing, magnitude, and consequences.

This thesis pursues this theme and focuses on a prominent ~150 km? valley fill in the
Pokhara Valley just south of the Annapurna Massif in central Nepal. The Pokhara Valley
is conspicuously broad and gentle compared to the surrounding dissected mountain terrain,
and is filled with locally more than 70 m of clastic debris. The area’s main river, Seti Khola,
descends from the Annapurna Sabche Cirque at 3500-4500 m asl down to 900 m asl where
it incises into this valley fill. Humans began to settle on this extensive fan surface in the
1750’s when the Trans-Himalayan trade route connected the Higher Himalayas, passing
Pokhara city, with the subtropical lowlands of the Terai. High and unstable river terraces
and steep gorges undermined by fast flowing rivers with highly seasonal (monsoon-driven)
discharge, a high earthquake risk, and a growing population make the Pokhara Valley an
ideal place to study the recent geological and geomorphic history of its sediments and the
implication for natural hazard appraisals.

The objective of this thesis is to quantify the timing, the sedimentologic and geomorphic
processes as well as the fluvial response to a series of strong sediment pulses. I report
diagnostic sedimentary archives, lithofacies of the fan terraces, their geochemical pro-
venance, radiocarbon-age dating and the stratigraphic relationship between them. All
these various and independent lines of evidence show consistently that multiple sediment
pulses filled the Pokhara Valley in medieval times, most likely in connection with, if not
triggered by, strong seismic ground shaking. The geomorphic and sedimentary evidence
is consistent with catastrophic fluvial aggradation tied to the timing of three medieval
Himalayan earthquakes in ~1100, 1255, and 1344 AD. Sediment provenance and calibrated
radiocarbon-age data are the key to distinguish three individual sediment pulses, as these

are not evident from their sedimentology alone. I explore various measures of adjustment
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and fluvial response of the river system following these massive aggradation pulses. By
using proxies such as net volumetric erosion, incision and erosion rates, clast provenance on
active river banks, geomorphic markers such as re-exhumed tree trunks in growth position,
and knickpoint locations in tributary valleys, I estimate the response of the river network
in the Pokhara Valley to earthquake disturbance over several centuries. Estimates of
the removed volumes since catastrophic valley filling began, require average net sediment
yields of up to 4200 t km~2 yr~! since, rates that are consistent with those reported for
Himalayan rivers. The lithological composition of active channel-bed load differs from
that of local bedrock material, confirming that rivers have adjusted 30-50% depending on
data of different tributary catchments, locally incising with rates of 160-220 mm yr—!.
In many tributaries to the Seti Khola, most of the contemporary river loads come from
a Higher Himalayan source, thus excluding local hillslopes as sources. This imbalance
in sediment provenance emphasizes how the medieval sediment pulses must have rapidly
traversed up to 70 km downstream to invade the downstream reaches of the tributaries
up to 8 km upstream, thereby blocking the local drainage and thus reinforcing, or locally
creating new, floodplain lakes still visible in the landscape today.

Understanding the formation, origin, mechanism and geomorphic processes of this valley
fill is crucial to understand the landscape evolution and response to catastrophic sediment
pulses. Several earthquake-triggered long-runout rock-ice avalanches or catastrophic dam
burst in the Higher Himalayas are the only plausible mechanisms to explain both the
geomorphic and sedimentary legacy that I document here. In any case, the Pokhara Valley
was most likely hit by a cascade of extremely rare processes over some two centuries

1% century. Nowhere in the Himalayas do we find valley fills of

starting in the early 1
comparable size and equally well documented depositional history, making the Pokhara
Valley one of the most extensively dated valley fill in the Himalayas to date. Judging
from the growing record of historic Himalayan earthquakes in Nepal that were traced
and dated in fault trenches, this thesis shows that sedimentary archives can be used to
directly aid reconstructions and predictions of both earthquake triggers and impacts from
a sedimentary-response perspective. The knowledge about the timing, evolution, and
response of the Pokhara Valley and its river system to earthquake triggered sediment
pulses is important to address the seismic and geomorphic risk for the city of Pokhara.
This thesis demonstrates how geomorphic evidence on catastrophic valley infill can help to

independently verify paleoseismological fault-trench records and may initiate re-thinking

on post-seismic hazard assessments in active mountain regions.
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Kurzfassung

Der Transport von Sedimenten in Fliissen ist wichtig, um Landschaftsformen in Gebirgs-
regionen entstehen zu lassen. Eine erhohte, plotzliche Sedimentzufuhr, beispielsweise durch
Massenbewegungen ausgelost, kann ein Flusssystem schnell aus dem Gleichgewicht bringen.
Innerhalb kurzer Zeit transportiertes Sediment wird haufig an Uberschwemmungsflichen
abgelagert, was zu instabilen Flussverldufen, erhhtem Sedimentabtrag und vermehrten
Uberschwemmungen fithren kann. Talverfiillungen, Schwemmmficher, Flussterrassen und
Uberschwemmungsebenen sind in diesem Zusammenhang die am hiufigsten vorkommenden
Landschaftsformen, um grofle Materialvolumen zu speichern. Weil Wasser und Sediment
als Baustoff in ausreichenden Mengen zur Verfiigung stehen, sind sie bevorzugte Siedlungs-
fldchen.

Diese Dissertation untersucht in drei Studien die Entstehung, geomorphologische und
sedimentologische Prozesse, sowie die Anpassung des Flusssystems auf einen erhéhten
Sedimenteintrag des heute mit Sedimenten verfiillten Pokhara Tals im zentralen Himalaya.
Die Stadt Pokhara liegt am Fufle des bis zu 8000 m hohen Annapurna Massivs auf einem
~150 km? grofien, aus klastischen Sedimentablagerungen bestehender Ficher. Das Tal ist
von bis zu 70 m hohen Terrassen gekennzeichnen und auffallend flach im Vergleich zur um-
liegenden Topographie. Der Seti Khola entwéssert das Annapurna Massiv in einer Héhe
von 3500-5000 m #.N.N. und erreicht nach kurzer Distanz den Pokhara Facher. Erste
Bewohner siedelten sich in den 1750er Jahren an als die frithere Handelsroute den Hohen
Himalaya mit dem subtropischen Tiefland (Terai) verbunden hat. Seither wéchst die Stadt
stetig und ist heute, nach Kathmandu, die zweitgrofite Stadt Nepals.

Durch die Ndhe der geologischen Hauptstérung zwischen dem Hohen Himalaya und dem
tiefer liegenden Vorderen Himalaya herrscht ein hohes Erdbebenrisiko im Pokhara Tal.
Die Kombination aus hohen Terrassen und tiefen, von schnell fliefenden Fliissen ausge-
spiilten Schluchten, machen das Tal zu einem geeigneten Ort, um die kaum untersuchte
geologische und geomorphologische Geschichte der in diesem Tal abgelagernten Sedimente
zu erforschen. Um Landschaftsverdnderungen und -entwicklungen zu verstehen sowie die
Reaktion des Flussnetzes auf erhohte Sedimentzufuhr zu tiberblicken, ist es unabdingbar,
den Ursprung des Materials, die sedimentologischen Prozesse und mogliche Ausléser der
Talverfiillung zu analysieren.

Daten und Proben aus dem Gelédnde, die spéater im Labor datiert, ausgewertet, mit sedi-

mentologischen Aufzeichnungen kombiniert und durch fernerkundliche Methoden ergénzt
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und analysiert wurden, bilden die Basis der Ergebnisse dieser Dissertation. Da solche
massiven, in sehr kurzer Zeit abgelagerten Sedimente auf eine katastrophale Entstehung
hindeuten, spielt auch der zeitliche Aspekt eine wichtige Rolle.

Verschiedene Beweise zeigen, dass mindestens drei Sedimentereignisse das Pokhara Tal
verfiillt haben. Ich dokumentiere ein aufschlussreiches Sedimentarchiv, Sedimentabfolgen
geochemische Provenienz, Radiokarbonalter und die stratigraphische Beziehung zwischen
diesen Ergebnissen. Diese unabhéingig voneinander gewonnenen Ergebnisse zeigen, dass
geomorphologische und sedimentologische Beweise mit den Altersdatierungen konsistent
sind und wir mit diesen Untersuchungen die abgelagerten Gerdllmassen mit historischen
Starkbeben in Verbindung bringen kénnen (~1100, 1255, 1344 AD). Provenienz in Kom-
bination mit den Altersdatierungen lassen uns wiederum die drei Ereignisse in ihren
Méchtigkeit unterscheiden und individuell das Volumen bestimmen. Messungen zur An-
passung des Flusssystems ergeben, dass das System noch stark von seinem Gleichgewicht
abweicht, da erst 30-70% des iiber kurze Zeit abgelagerten Materials aus dem Flussbett
ausgerdumt wurden. Hierfiir benutzte Marker sind unter Anderem volumetrische Berech-
nungen, Erosions- und Einschneideraten der Fliisse, Badume in ihrer Wachstumsposition
zur Altersdatierung und Stufen im Langsgerinneprofil der Seitenfliisse. Das bis heute abge-
tragene Volumen ergibt Sedimentaustragsraten von bis zu 4200 t km=2 yr~! am FuBe des
Féchers. Die lithologische Zusammensetzung aktiver Flussbénke in Seitentélern zeigt, dass
Material der Formation gegeniiber lokalem Grundgestein immer noch dominiert. Dieses
lithologische Ungleichgewicht verdeutlicht, wie schnell Sedimentmassen in drei Ereignissen
tiber 70 km talabwérts und bis zu 8 km flussaufwérts (in die Seitentéler) abgelagert wurden.

1 und

Lokale Einschneideraten in die Pokhara Formation liegen zwischen 0.16-0.22 m yr~
weisen auf einen sich schnell verdndernden Flussverlauf hin.

Um die Landschaftsentwicklung nach solch massiven Sedimentablagerungen analysieren zu
kénnen, miissen die Sedimentologie, die geomorphologischen Prozesse, der Ursprung und
die Mechanismen der Talverfiillung verstanden und als Basiswissen vorausgesetzt werden.
Aus den gewonnen Resultaten schlieen wir, dass das Pokhara Tal von mehreren kata-
strophal aufeinanderfolgenden Naturereignissen in einem Zeitraum von ~200 Jahren seit
dem 12. Jahrhundert heimgesucht wurde. Nirgendwo im Himalaya finden wir vergleichbare
Talverfiilllungen, weder in ihrer Grofle, noch in dieser detailliert aufgenommenen geomor-
phologischen Geschichte und sedimentologischen Aufzeichnungen. Das Pokhara Tals ist

damit eine der am besten datierten Talverfiillungen des gesamten Himalaya. Diese Arbeit

zeigt, dass in sedimentédren Archiven - unabhéngig von der Paldoseismologie - historische



Starkbeben datiert und erkannt werden kénnen. So hilft das Wissen iiber den zeitlichen
Verlauf der Talverfiillung, die Entwicklung des Fachers und die Anpassung des Fluss-
systems in Zukunft Entscheidungen zu treffen, die das geomorphologische Risiko fiir die
Stadt Pokhara vermindern und gleichzeitig bauliche Mafinahmen besser an die lokalen

Risikofaktoren angepasst werden kénnen.
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Introduction

1.1. Motivation

Fluvial processes reflected in river morphology are transportation, sedimentation, and
erosion; together with mass wasting, these processes develop drainage basins. Rivers
transport fine-grained sediments to large boulders depending on their capacity and flow
regime. The amount of sediment supply to rivers varies from natural geomorphic processes
such as fluvial scour, landslides, debris flows or flash floods, to anthropogenic disturbances
in the watershed like landcover changes (Wolman, 1979; Venditti et al., 2010; Gran and
Czuba, 2017). Sediment supply from hillslope to rivers is an ongoing process, while ex-
tremely large and rare sediment transport events deliver sediments in very short time
that usually deposit in a whole or many year(s) (Korup, 2012). Brundsen and Thornes
(1979) made the basic proposition: "For any given set of environmental conditions, through
the operation of a constant set of processes, there will be a tendency over time to pro-
duce a set of characteristic landforms". These landforms are formed over longer or shorter
times. For example, catastrophic floods are capable of changing the surrounding landscape,
and to transport and deposit huge sediment volumes to a river network (Russell, 2005),
aggrading sediment on floodplains over short time. Sudden catastrophic sediment supply
imbalances the system making the river dynamics dependent to the type of perturbation,
the magnitude, extent and duration (Gran and Czuba, 2017). Catastrophic sedimen-
tation in mountain rivers remains a frequently observed, though still, under-researched
problem for people, built infrastructure, and land use. The sudden or rapid raising of
channel beds and floodplains by aggrading sediment may compromise channel stability,
change flood frequencies, impact on bridges, and deliver contaminants. Triggers of cata-
strophic aggradation events range from earthquakes to volcanic eruptions, but those are
not required to explain large sediment transports, as extreme precipitation events can also

trigger debris and rock avalanches that lead to massive aggradation of low-gradient flood-
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plains and valley fills (Hewitt et al., 2008; Gran and Czuba, 2017). Keefer (1994) argues
that earthquake triggered massive sedimentation in active orogens increase the supply
of sediment to rivers; background rates stay high, but usually return to pre-earthquake
levels within a few years to decades (Dadson et al., 2004; Hovius et al., 2011; Marc et al.,
2015). Other, and potentially more rare, causes include the failure of large glacier lakes or
otherwise naturally dammed lakes (O’Connor and Baker, 1992; Rudoy and Baker, 1993;
Coxon et al., 1996; Clague, 2000; Clarke et al., 2003; Montgomery et al., 2004; Westoby
et al., 2014). However, these are important events whose legacy may dominate Holocene
valley-floor evolution in some mountain regions (Montgomery et al., 2004). Examples
include rivers impacted by volcanic eruptions that show the highest recorded specific sedi-
ment yields (e.g. the volcanic eruption of Mount Pinatubo in 1991 with >10° Mg km 2
yr~1), accompanied with channel changes (Hayes et al., 2002); aggradation on a nearby
alluvial fan at Mount Pinatubo took place some 6-8 years after the volcanic eruption with
2.2 m of sedimentation within 5 weeks. Other examples are the Lake Missoula outburst
floods (O’Connor and Baker, 1992), the Altai floods in Siberia (Carling et al., 2010), or the
megafloods at Tsangpo River in Tibet (Montgomery et al., 2004). Rivers often cut through
these developed landforms while ever responding to external disturbances and adapting to
new conditions of form and flow roughness (Knighton, 1989). Many of the conditions, i.e.
mostly giant meltwater lakes, for generating similar landscape-transforming flood impacts
are not given today. Nonetheless, the (pre-)historic record of catastrophic sedimentation
remains scarce and in need of better study to inform hazard and risk appraisals con-
cerned with mountain rivers, let alone with the long-lasting geomorphic consequences of

rainstorms and earthquakes.

Gradual vs. catastrophic sedimentation

Catastrophic sedimentation is a process that mobilizes sediments in very short time
that usually deposit in a whole or many year(s). Channel changes in response to high
sedimentation rates are very common (Hayes et al., 2002), and sediments that move
rapidly, could be considered as a catastrophic event (Strom, 2009). Reading (1996)
defines gradual or background sedimentary processes as such that persist most of the
time. However, gradual processes also include ice, wind or fluvial currents, "which, in
some cases, have very high levels of physical energy" (Reading, 1996). Some of these
processes transport and deposit sediments very slowly, while wind, tidal or fluvial

currents, are also able to deposit quickly. But, erosion is almost as fast as their depo-
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sition. Catastrophic processes occur instantaneously, with frequently involved energy
levels that are several orders of magnitude greater than those of a normal sedimen-
tation. Storms, heavy rain, earthquakes or volcanic eruptions are typical triggers for
such mass flows, such as storm surges or flood currents (Reading, 1996). Such sediment
layers are characterized as sharp-based, graded, or deposits with a large proportion
of the total rock record from the surrounding area. Reading (1996) defines a third
form of sedimentation processes; exceptional events that have an intensity at least an
order of magnitude greater than a catastrophic event; such processes are rare for a
certain environment and mainly caused by earthquakes that mobilizes thousands of
cubic kilometers in volume. "The deposits that are produced by exceptional events

are recognized by their uniqueness in the sedimentary record" (Reading, 1996).

The Himalayas are one such example for high sediment supply and large rivers, featuring
the highest mountain peaks, active tectonic shortening, one of the world’s most extreme
reliefs, highly monsoonal precipitation, high magnitude earthquakes, appropriate erosion
and incision rates (Lavé and Avouac, 2001; Montgomery et al., 2004), and sedimen-
tation processes from normal to catastrophic or even exceptional events. Moreover, the
Himalayas are drained by rivers that deliver huge amounts of sediment to the ocean
(Blothe and Korup, 2013). In mountain regions, sediments are stored in valley fills,
fluvial terraces, floodplains and alluvial fans, one of the main landforms to decouple hill-
slopes from river-channel processes (Fryirs et al., 2007; Straumann and Korup, 2009).
Eventually, a complex sedimentary assemblage develops and may "provide a record of in-
dividual depositional events and seasonal and longer-term sedimentation episodes. Some
valley fills resulting from aggradation episodes are vast" (Hewitt et al., 2008), representing
abandoned river courses, sedimentological features and low-gradient surfaces which are
important to understand the geomorphic evolution of mountainous regions (Chaudhary
et al., 2015). Valley fills in the Himalayas are thought to form as a result of high preci-
pitation events, triggering of landslides or enhanced sediment supply to river networks
(Pratt et al., 2002; Chaudhary et al., 2015). Epigenetic gorges result from the superimpo-
sition of a river after large aggradation. They may play an important role in delaying: 1)
the process of long-profile adjustment and 2) the export of catastrophic deposition (Ouimet
et al., 2009). The understanding of such valley fill features in the Himalayan fluvial systems
is very limited still; a few referenced examples in Nepal (e.g. in the Marsyandi River)

imply local landsliding and catastrophic events (lake breaching) help to reconstruct their
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Figure 1.1.: Distribution of Himalayan valley fills with estimated volumes of each
fill (n = 38197, the volumes are shown in colored open circles). The "inferred mean valley-
fill thickness and minimum residence times assuming mean aggradation and removal rates
of 1 mm yr=!" (Bléthe and Korup, 2013). The Pokhara Valley is one of a few large valley
fills in the central Himalayas, Nepal. Modified after Blothe and Korup (2013).

formation and development (Pratt et al., 2002; Pratt-Sitaula et al., 2007; Chaudhary et al.,
2015). However, valleys are a great locations to store sediment over thousands of years.
Sediment budgets have a significant variability to decadal measurements of sediment flux
that might increase as stored sediments are being reworked relentlessly (Simpson and
Castelltort, 2012; Blothe and Korup, 2013). Quantifying sediment storage is fundamen-
tal for the calculation of sediment budgets, but is often documented with high sediment
yield uncertainties for large drainage basins (Blothe and Korup, 2013). Stored sediments
may also hold the key to answering questions about the timing and magnitude of past

catastrophic sedimentation.

Open research questions concern the long-term variability of sediment yields, sediment
transport and deposition processes, and resulting residence times. The quantification
of sediment storage helps to resolve these questions (Hinderer, 2012). Himalayan sedi-
ment storage is likely in large parts contained in intermontane valley fills (Blothe and
Korup, 2013). Valleys filled with sediments are present along the Indus basin and in
the Karakorum region, in the eastern part of the Himalayas, but these valleys are rare
in the Central Himalayas of Nepal (Fig. 1.1). Such sedimentary landforms are the most
preferred human habitats and settlements worldwide (Korup, 2012) because they offer
water supply and sediment as construction material. People may have been settling the

Himalayas thousands of years ago, though Himalayan archaeology is still developing. The
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west Himalayas, for example, were populated some 2500 years ago (English, 1985; Ives and
Messerli, 1989), in the central and eastern part people migrated from southeast Asia in the
first millennium BC, and the third wave of people settled in the High Himalayan valleys
in the early century AD (Ives and Messerli, 1989). In Nepal, the first people arrived to the
Kathmandu valley, which was once a big lake (Adhikari and Seddon, 2002) known as the
Paleo-Kathmandu lake that drained at least twice (around 48 and 38 ka). After a refill
phase the lake basin got tapped and drained into Bagmati River following an earthquake
around 12 ka (Sakai et al., 2016). Remnants of the lake are Plio-Pleistocene age lacustrine
and fluvial sediments up to 550 m thick (Paudel and Sakai, 2008) on which Kathmandu
city is located today. The Kathmandu basin is by far the largest sediment fill in the
Central Himalayas, and one of the better studied. Similarly, Nepal’s second largest city
Pokhara also rests on a large and conspicuous valley fill that stands out from the otherwise

dissected mountain terrain.

1.2. The geomorphic evolution of the Pokhara Valley

The Pokhara Valley (Fig. 1.2) is an intermontane basin, located in the Lesser Himalaya,
just south of the Annapurna Massif (Fig. 1.2). The Main Central Thrust (MCT) runs
through the northern part of the study area making it to a tectonically and geomor-
phically very active and dissected area. From the MCT, the Pokhara fan spreads over ~150
km? from an elevation of 1200 to about 350 m asl. The valley is filled with Quaternary
deposits of layered clastics that originated in the Annapurna Cirque. Distinctive geo-
morphic features characterize the Pokhara Valley: 1) a flat, low-gradient morphology, 2)
unpaired sets of alluvial terraces, 3) steep bedrock and older indurated deposit gorges
along the main river Seti and its tributaries, and 4) a braided channel pattern. Steep
mountain slopes, highly variable sediment transports, and a tectonic active and geological
diverse settings characterize the shape and hazards of this region of the Nepal Himalayas.
The Pokhara area has the most intensive monsoonal precipitation of Nepal (4,500-5,000
mm) (Pokhrel et al., 2015a; Leibundgut et al., 2016), but also a documented history of
strong earthquakes and postglacial debutressing (Hasegawa et al., 2009). High rock uplift
rates in the north (Hodges et al., 2004) interplay with rapid erosion, thus maintaining
a high-mountain landscape with diverse natural hazards such as earthquakes, and land-

slides. The flat morphology of the Pokhara plain is striking. The surface gently slopes
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from north to south with 3.2 to 0.9% (Fort et al., in press). This longitudinal gradient
is accompanied by a laterally gradient from the central axis into tributary valleys form-
ing a fan-shaped surface in the Pokhara Valley. This surface is cut by the meandering
Seti Khola shaping terraces of >70 m high relative to their river bed. Steep gorges are
intriguing features (Fort, 2010) mostly found in the city center of Pokhara, interrupting
the longitudinal profile of the Seti river and its wide flood plain bounded by flights of
terraces. These gorges are up to 1,000 m long, 10-25 m wide and deeply entrenched in
indurated gravels and boulders forming an older valley infill and conglomeratic bedrock
(Ghachok Formation, Fort (1987)). This older valley infill is related to the Pokhara Valley
as both formations share the same source of deposits (Yamanaka, 1982; Fort, 1987). The
city of Pokhara is build on this fan surface and spread on both sides of the Seti river
and its terraces. A "pool of water" - pokhari - is the Nepali meaning for Pokhara city,
perhaps derived from legends about the city. Legends tell about a big glacial lake that
burst through its ice-moraine dam, flooding the old town and the present Pokhara region
some 600 years ago. The soils and lack of forests may be due to this event (Tuladhar and

Shrestha, 2010).
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Figure 1.2.: Overview of the northern part of the Valley with a view to the Annapurna
Range in the back with the Machupuchare peak in the middle and west of the Annapurna
Cirque, the source of the debris deposited in the Pokhara Valley (see Chapter 2 and 3).
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In this context, the interpretation of Pokhara’s geological foundations is essential, though
it has been long debated. Early studies interpreted the Pokhara Valley as remnants of one
big lake (Hagen, 1969), while later the well-developed terraces along the entire valley were
described as glacio-fluvial (Hormann, 1974). Yamanaka (1982) ascribed these sediments
to two debris flows involving between 3-7 km3. They claimed that both debris flows filled
the entire Pokhara Valley, blocking all tributary valleys, and forming lakes, most of which
have silted up today. The earlier event has been dated to approximately 13,000-15,000 yrs
BP (Koirala et al., 1998) - at the end of the last glaciation. The second debris flow was
dated between 1,000 and 3,000 yrs BP (Yamanaka, 1982; Fort, 1987; Koirala et al., 1998).
These open interpretations and hypotheses build the motivation for this thesis to explore

the origin of this very young valley fill at this exceptional and beautiful location.

1.3. A rapidly growing city on a geomorphic surface

The Pokhara city has been settled as late as the 1750s (Adhikari and Seddon, 2002).
The surrounding hills "were most probably inhabited by prehistoric people, as attested by
some Neolithic tools" (Fort et al., in press) that have been found northwest of Pokhara city
(Kaskikot) (Pandey, 1987; Adhikari and Seddon, 2002). Pokhara became very important
early on because of its location between the high mountains and the Terai, which was the
perfect location for the Trans-Himalayan trade route. After the unification of Nepal in
1768, traders discovered the beauty of the city, attracting touristy activities, and focusing
social and cultural heritage which are responsible for the city’s and region’s sustained
popularity (Adhikari and Seddon, 2002). Pokhara’s population has been growing rapidly
(United Nations Develop Program et al., 2009) to ~250,000 people; the whole valley already
is home to more than 400,000 inhabitants in 2010 (Central Bureau of Statistics, 2011).
Accordingly, the history of Pokhara city is very short, while the rate of urban development
is increasing and high (Adhikari and Seddon, 2002). This rapid population growth is
emblematic for many mountain regions worldwide, and often concomitant with poverty
and an increase of land use where people have to expand into more hazardous areas
(Lennartz, 2015). The combination of natural hazards and an increasing exposition of
vulnerable population raises natural risk and compromises the sustainable development in

the long-term (Bjornsen Gurung et al., 2012), and emphasizes the need to study valley fills
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or signs of past catastrophic sedimentation that might compromise the safety of people

living on those deposits.

Table 1.1.: Land use change of Pokhara area 1977-2010.

Year 1977 1990 1999 2010 2021 Change 2010-2021

Land use km? % km? % km? % km? % km? % km? %
Urban area 3.5 6.33 11.11 20.08 18.62 33.66 28.44 51.42 32.45 58.67 4.01 7.45
Water body 7.73 13.97 6.85 12.38 7.1 12.84 7.02 12.69 6.92 12.51 -0.1 -0.18
Open field 6.46 11.68 4.44  8.03 3.53 6.38 4.26 7.7 4.55 8.23 0.29 0.53
Forest cover 0.84 1.52 0.75 1.36  0.87 1.57 1.22 2.21 1.44 2.6 0.22 0.39
Cultivated land 33.59 60.73 29.18 52.76 21.4 38.7 11.21 20.27 7.35 13.29 -3.86 -6.98
Sandy area 3.19 5.77 2.98 5.39 3.79 6.85 3.16 5.71 2.6 4.7 -0.56 -1.01

Rimal (2013)
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Figure 1.3.: Population growth in Pokhara city, 1979-2021. The map shows land
use changes from 1979 to 1996 and 2007 (Table 1.1), while in the graph the estimates
for the year 2021 are also given. The values for this figure are shown in Table 1.2 (from
United Nations Develop Program et al., 2009).

Cultural heritage in Pokhara

One of the most famous cultural heritage sites in Pokhara is the "Tal Barahi" Temple
which is situated on an island in Phewa Lake; it is part of the legend with the big
flood ~600 years ago. During this time villagers were supposedly wicked people when
a divine messenger was sent by god to test their compassion; only one woman believed
her prophecy and left the place before it started to rain instantly; the present day

Pokhara region got flooded and left an island in Phewa Lake, the lone woman’s place,
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was left by the god for her kindness (Tuladhar and Shrestha, 2010). Other important
cultural heritage is the "World Peace Pagoda (Bishwo Shanti Stupa)", a large stupa
on top of Anadu hill close to Phewa Lake. Tourists have a panoramic view to the
Annapurna mountain range that are reflected in the water. The same view they have
from Sarangkot, a small village on top of another hill (Image view of Fig. 1.2). Several
caves in the city are washed out and made by subsurface flows. One example is Devi’s
fall, a subsurface waterfall in a cave, where visitors can walk through a natural tunnel
during winter times, when the water level is low. Many other temples can be found in
the old part of Pokhara city such as "Bhimkali Temple", "Dharmashila Buddha Bihar",
and the "Bhadrakali Temple".

Table 1.2.: Population growth in the Pokhara area from 1952 to 2021.

year population population growth rate (yearly
in %)
1952 3755 -
1961 5413 5.3
1971 20611 14.3
1981 46642 8.5
1991 95286 74
1998 157055 7.4
2001 169160 2.5
2009 232254 4
2011 261264 6
2021 444830 5.5

data collected from Adhikari and Seddon (2002); Rimal (2013)

To establish an efficient tourism infrastructure, an international airport was already planned
some 40 years ago; the construction began in 2016 and will be completed within the next
five years (Pokhrel, 2016). Up to 800,000 foreign tourists come to Nepal, of which more
than 500,000 come to Pokhara each year (MCTCA and Ministry of Culture, Tourism
& Civil Aviation, 2014). The popularity of Pokhara grow while more and more people
settled the area. Pokhara’s population increased 42-fold in the past 46 years (Adhikari
and Seddon, 2002); today, Pokhara is the fastest growing of Nepal’s cities (Rimal et al.,
2015), and moderately vulnerable to earthquake hazards (United Nations Develop Pro-
gram et al., 2009). Risk turns higher where the city settlement is very dense (central part
of the city) because urban growth is limited by Phewa Lake in the western part and by
mountains in the north. Most dramatic shifts have occurred in land use and land cover
changes such as cultivated land (Rimal, 2013). The construction of the Prithivi Rajmarga
highway (finished in 1971) connected Pokhara with the Terai in the south and with the
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capital of Kathmandu in the east. As a result, the growth of Pokhara town expanded with
a rate as high as 14-18% per year (Adhikari and Seddon, 2002; Rimal, 2013). The road was
and still is very important not only as a supply route for food, fuel and cooking gas but
also made it significantly cheaper to bring construction materials such as cement, pipes
and iron rods for buildings into the Pokhara area, encouraging for locals to build shops
and new houses along the highway. Villagers from the countryside were settling along the
roads, new villages appeared and expanded from tens to hundreds of shops and from a
few to some 600 houses within 5 years (Adhikari and Seddon, 2002). This road changed
not only the number of local residents, but by the extent of transport and infrastructure,
it also improved the economy of the town and its quality of life. By the construction
of a bridge over the Seti River in 1965, this place converted into a major trading center

(Adhikari and Seddon, 2002), touristy place and attractive place to live.

Several open questions follow from this short review. For one, the recent geological history
of Nepal’s second largest and currently fastest growing city is still unclear. At the same
time, modern geological hazards such as landslides, river-bank collapses, and sinkholes
seem to have been on the rise in the past few years (Rijal, 2017). It is unclear how those

hazards link up with the recent geological past.

Besides these hazard and risk implications, the geological foundations of Pokhara have
also another very practical relevance as readily available natural resources. Many road
and house constructions are ongoing that need new material, and these gravels come from
the river channels (Fig. 1.4). Sand that mostly is excavated from the channel of the
main river Seti. Excavating river gravels from the channels and active river banks for
infrastructural purposes seems like a great opportunity to use local material and to secure
jobs. Figure 1.4 shows different snapshots from the field of how people influence the Seti

Khola’s gradient, way and channel stability by river mining on active banks.

Examples from different river mining locations

The rapid urbanization has increased excessive demands of sands and gravel for con-
struction purposes. River mining became a cheap and readily accessible option, and
amounts of sands and gravel were supplied from river beds. In the Kathmandu valley,
river bed mining was prohibited in 1991 (Kharel et al., 1992) because of bridge col-
lapses due to undermining of river banks and bridge constructions, while terrace

mining began. However, in many regions in Nepal illegal river mining is common.
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Figure 1.4.: Field images of excavation work along the main river. A)Panoramic
view in the Ramghat area (see Fig. 3.1 for the location) in the center of Pokhara city. Seti
Khola runs along the outcrop in the back while hundred of people screen, sort, and carry
gravels (C)) from sand to boulder sizes. B) Same location as A) and C), at the outlet
where the Seti disappears in a bedrock gorge. D) Place for river mining north of Pokhara
city. Groins are set to trap sand particles carried by the river during the monsoon season.
E) Groups of locals collect river clasts in the Seti Khola. Note the boulders outsizing the
tractor. F) Downstream at the confluence to Pudi Khola (Fig. 3.1), one of the biggest
construction areas, where machines sort gravels from the channel beds.

11
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Unsystematic mining has caused many problems such as erosion, river bank instability
and river pollution (Tamrakar, 2004; Adhikari and Tamrakar, 2005). For Kathmandu,
the growth of infrastructure and population has demanded about 3100 m3 of sand per
day in 2001, while only 35% of the terrace mining is registered (Sayami and Tam-
rakar, 2007), and that number excludes the illegal river mining supply. Excavating
the gravel from the river bed, may accelerate erosion rates. An example from Greece
shows severe riverbed lowering due to an estimated 9.6 million m3 of gravel over 32
years (Manariotis and Yannopoulos, 2014) (equal to approximate 825 m3 per day the
volumes given by excavations in Nepal). There are no official numbers for the Pokhara
Valley; Ramghat is one of several focus locations of river mining in the center of the
city (see Fig. 1.4 for some field photos and 3.1 for the location). People carry up
sediment bags of 70 kg to a ~70 m higher terrace level, hoping to get 20 rupees for
each bag.

The past, present and likely future situation in the Pokhara Valley revolves around better
understanding the valley fill on which the city is built. This valley fill may contain indi-
cations about catastrophic sedimentation and other sedimentary processes in the recent
geological past, while also offering opportunities as the storage of natural resources in the
form of easily accessible river gravel. Hence, the objective of this thesis is to systemati-
cally investigate the recent geological history of the Pokhara basin before the backdrop of
past and possibly recurring hazards. Estimates hold that hazards and risk are increasing
because of unsustainable land use practices, the town "is under intense pressure from rapid
urbanization [...]" (Rimal et al., 2015). To be able to better quantify this potential in-
crease, we need to learn first the sources, causes, and triggers of such hazards. Again, the
sediment fill of the Pokhara basin is a natural archive in this respect. The structure of this
thesis revolves around a seemingly simple question: where did all the gravel come from?
The Pokhara valley is one of the larger bits of low-gradient land in the central Himalayas
(besides Kathmandu, see Fig. 1.1, Blothe and Korup (2013)). It is not only the expansion
of urban areas on the Pokhara fan, but rather modern hazards (see Section 5.5) resulting
from historic deposits (Yamanaka et al., 1982; Fort, 1987) which makes Pokhara city a

hazardous and vulnerable place to live.
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1.4. Aims and Structure

The aim of this thesis is to explore and investigate the timing, origin, sedimentologic
and geomorphic processes to consequently research fluvial response and river adjustment
to several catastrophic episodes of valley-floor sedimentation in the Pokhara Valley. In
essence, the main aim is to learn more from the Pokhara Formation as to reconstruct past
and predict future processes linked to its emplacement and erosion. The strategy behind
this approach is to start with various pieces of a geologic puzzle from previous studies and
add field observations, sediment descriptions, radiocarbon age dating, provenance analysis,
and different possibilities of triggering mechanisms that are able to release huge amounts

of sediments, to the fate of this catastrophically deposited valley fill.

Following this introduction, this thesis focuses on the understanding of the heavily disputed
Pokhara Formation; the origin, mechanism, and development on a timescale starting at
~1100 AD until the present. Finally, I address the issue of the future situation with
increasing modern hazards the local population has to deal with today. Therefore, this

thesis approaches:

e the current knowledge about the Pokhara Formation that underlies most of the

valley,
e the timing of the valley fill,

e a new catalog of the sedimentologic features of the Pokhara Formation with respect
to different lithofacies allocated from the center of the fan to tributary mouths until

the upstream margin of the fan,

e to independently consider and augment paleoseismological fault-trench records of

great historic earthquakes by sedimentary archives in catastrophically infilled valleys,
e to quantify river recovery times of earthquake triggered sediment pulses,
e to discuss possible triggers that release this amount of material in very short time,

e and to test whether the geologic past is responsible, in a certain way, for modern

hazards around the city of Pokhara.

To address these topics, this thesis is segmented in three core chapters (Chapter 2 - 4)

that broadly deal with, Farthquake Concurrency, Sedimentary Fingerprints, and Fluvial
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Response to these catastrophic events (Fig. 1.5). The following paragraphs will address
these three topics as the Pokhara Valley is the perfect place to investigate catastrophic

sediment deposits and archives, as well as fluvial adjustment.
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sediment layers.

Figure 1.5.: Content of this thesis along a tentative timescale starting at ~1100 AD
(Chapter 2) to the present (Chapter 4).

Earthquake Concurrency - The first core chapter aims to resolve age relationships
of the Pokhara Valley infill. Radiocarbon age dating has already been successful in the
Pokhara Valley (Yamanaka et al., 1982; Fort, 1987) that we used this method for the
timing of deposition. Chapter 2 further concentrates on the origin of deposited material
as well as possible trigger mechanisms that are able to release the amount of material to

fill the Pokhara Valley.

Sedimentary Fingerprints - This chapter concentrates on the sedimentology of the
Pokhara Formation. The geomorphic impact of the fan surface and the relationship
of radiocarbon ages to sediment layers. Carling (2013) and Baker (1987) studied the
sedimentology of mega floods around the world, while in the Himalayas such catastrophic

sedimentation awaits more detailed research. Chapter 3 aims at the paleoseismic history of
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1. Introduction

great Himalayan earthquakes and the importance of how sediment archives independently

help to augment earthquake records.

Fluvial Response - Chapter 4 opens the topics of the previous two chapters to the
question of how much material has been removed since the deposition of the Pokhara
gravels. It has been known for thousands of years that large earthquakes are able to release
large volumes of sediments (Matthes, 1930; Keefer, 1994; Hovius et al., 2011; Marc et al.,
2016; Ren et al., 2017) mostly proportional with earthquake magnitude or distance from
the rupturing fault in a large area. However, little is known about the long-term hazard
and fluvial response of such sediment volumes deposited and their influence and impor-
tance on slope and background erosion. The Pokhara area provides a rare opportunity to
quantitatively study the geomorphic impact of historic earthquakes that triggered sediment
pulses, inducing erosion and thus, distinguishing the timescale of when the material was
deposited until today, rather than predicting long-term erosion by the recurrence interval
of the earthquake (Ren et al., 2017). With various proxies, I present results that appraise

the recovery times for the Pokhara Valley.

The key findings and conclusions of the three studies are presented in Chapter 2 - 4, while
the final discussion (Chapter 5) comprises the entirety of this thesis objectives. We used
the geologic past to investigate the timing and sedimentology, to further find out more
about river adjusting mechanisms (Fig. 1.5). A condensed outlook on research possibilities
and the closing Chapter 6 providing a synthesis regarding the significance of Himalayan

valley fills, complete this thesis.

1.4.1. Research Questions

To reconstruct the earthquake concurrency of material deposition, the sediment record and
the impact of fluvial adjustment to modern hazards, we need to approach the following

research questions:

1. Dates and origins: When, how rapidly, and why was the Pokhara Formation deposited?

2. Sedimentary diagnostics: Which insights about transport processes and episodes does

the sedimentology of the Pokhara Formation reveal?

3. River signs: What effects did the emplacement of the Pokhara Formation have on

the drainage network?
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Referring to Research Question 1 - Dates and origins - Chapter 2 investigates sediment
section of very fine grained material that provide insights into the depositional process.
These sections contain organic matter for radiocarbon dating elucidating the timing of
valley fills. This study aims to broaden our knowledge about the history of the Pokhara
Formation, the frequency of sediment deposition, and possible triggering mechanisms. We
review previous research (Hagen, 1969; Hormann, 1974; Yamanaka, 1982; Fort, 1987) on
the timing and geomorphology of the valley fill, and summarize our findings in a research
letter. We use different statistical models to calibrate the radiocarbon ages to exclude
all artifacts that may affect our results. The trigger of the events is still debatable,
we suggest a working hypothesis from heavy monsoonal rainfall, glacial lake outburst
flood, glacier surge or an earthquake induced rock/ice fall (Fort, 1987) and test several
possibilities. Chapter 2 contains the publication on - "Repeated catastrophic valley infill
following medieval earthquakes in the Nepal Himalaya" - and deals with the earthquake
concurrency of the valley infill. We test these hypothesis by combining data from the field,
laboratory and remote sensing to quantify processes, sediment structures and radiocarbon

ages to one coherent storyline.

Chapter 3 - Sedimentary diagnostics - aims at answering Research Question 2 and can
be considered as a complement of Chapter 2. We compile, review and augment the body of
the existing research on the Pokhara Formation with new sediment logs, define lithofacies
for the whole valley, add radiocarbon ages to our chronology, and study the paleoseismic
history of the Nepal Himalayas. We analyze geomorphic sediment markers and investigate
outcrops along the main river Seti and its tributary valleys. This study provides a first
sedimentary catalog with detailed characterization of the lithofacies presented by their
lateral distribution from the fan center into tributary valleys towards the fan margins.
We further analyze the spatial and temporal relation of *C ages and combine those
with sediment logs to estimate the extent of each individual sediment pulse. Chapter 3
includes the publication on - "Catastrophic valley fills record large Himalayan earthquakes,
Pokhara, Nepal" - where we improve the understanding of the relationship between past
earthquakes, geomorphologic surfaces and their sedimentary legacy in an active mountain
belt. We show data that have the potential to discuss the consequences about large

earthquakes in Nepal and may help to localize the affected area of these past events.

Addressing the last Research Question 3 - Fluvial signs - Chapter 4 provides insights to

the consequences of massive valley aggradation. This study aim is to investigate the fluvial
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response and adjustment of the river network over hundreds of years. The imbalance of a
river system after perturbation and the recovery time to pre-earthquake conditions is the
focus in this Chapter containing the submitted manuscript - "Protracted fluvial recovery
from medieval earthquakes". We employ different proxies, including exhumed tree trunks,
clast counts, knickpoints, erosion, and incision rates to quantify fluvial adjustment to
strong sediment aggradation. For this purpose, we estimated volumetric erosion rates and
calculate the proportion of the river reaching an optimum concave longitudinal profile.
Other proxies such as radiocarbon ages of tree trunks, clast counts and their provenance,
and knickpoints help to embed our results into an ongoing debate about how river recovery
is defined and measured. Moreover, we discuss the human influence on to erosion rates

and modern hazards by river mining and land cover changes.

1.5. Author Contribution

Most of the work presented in this thesis has been performed by the author. Though, all
co-authors on the papers and manuscript (see Chapter 2 to 4) have helped to develop and
accomplish this research. Inspiring discussions, help with lab work, statistical methods
and invaluable comments and ideas. Moreover, great support during field work of under-
graduate students of Potsdam University and Tribhuvan University, Kathmandu, is very
much appreciated. The three studies represented within this PhD thesis have been, or
are submitted and are intended to be published in international peer-reviewed journals.
The paper/manuscript layout has been adjusted to the formatting of this thesis, text and
figures remain as published. Therefore, abbreviations in Chapter 2 to 4 might be repeated
and figure colors, are different for the same formation. Author contributions of the three

studies are as follows:

Chapter 2: O.K. designed and drafted the project; W.S.; A.B., A.S., B.R.A., C.A., M.F.,
and O.K. carried out the fieldwork; W.S., A.B., and A.S. analyzed the digital topographic
and sedimentary data; P.H. assisted with the XRF and XRD analyses; S.T. prepared
samples for 19Be exposure dating; S.M., G.R., and C.A. ran the °Be AMS analysis;
and W.S., A.B., A.S., and O.K. wrote the manuscript with inputs from all co-authors.

Supporting data are available in the supplementary materials.

Chapter 3: A.S. and O.K. designed the study. A.S led the manuscript writing process;
A.S., AB., W.S., B.R.A., M.F. and O.K. participated in field work and field data acqui-
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sition; A.S. and A.B. described and analyzed the sedimentary data; A.S., W.S. and O.K.
analyzed the digital topographic and calibrated the radiocarbon data; P.H. assisted with
the XRF analyses; A.S., A.B., W.S. and O.K. wrote the manuscript with inputs from all

co-authors.

Chapter 4: A.S and O.K. designed the study and led the manuscript writing process;
AS., WS, CA., AB.,, M.F., J.D.J., B.R.A., and O.K. carried out the fieldwork and
field data acquisition; A.S. and W.S. processed the digital elevation models and volume

calculations; C.A., H.W., S.M. and G.R. were responsible for the 1°Be lab work and AMS

analyses, respectively; A.S. and O.K. wrote the manuscript with inputs from all co-authors.
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Repeated catastrophic valley infill
following medieval earthquakes in the

Nepal Himalaya

Published as: Schwanghart, W., Bernhardt, A., Stolle, A., Hoelzmann, P., Adhikari,
B.R., Andermann, C., Tofelde, S., Merchel, S., Rugel, G., Fort, M., Korup, O., Repeated
catastrophic valley infill following medieval earthquakes in the Nepal Himalaya. Science

(New York, N.Y.), v. 351, no. 6269, p. 147-150, doi: 10.1126/science.aac9865.

2.1. Abstract

Geomorphic footprints of past large Himalayan earthquakes are elusive, although they are
urgently needed for gauging and predicting recovery times of seismically perturbed moun-
tain landscapes.We present evidence of catastrophic valley infill following at least three
medieval earthquakes in the Nepal Himalaya. Radiocarbon dates from peat beds, plant
macrofossils, and humic silts in fine-grained tributary sediments near Pokhara, Nepal’s
second-largest city, match the timing of nearby M >8 earthquakes in ~1100, 1255, and
1344 C.E. The upstream dip of tributary valley fills and x-ray fluorescence spectrometry of
their provenance rule out local sources. Instead, geomorphic and sedimentary evidence is
consistent with catastrophic fluvial aggradation and debris flows that had plugged several
tributaries with tens of meters of calcareous sediment from a Higher Himalayan source

>60 kilometers away.
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2.2. Main Article

The M,, 7.8 Gorkha earthquake that struck Nepal in April 2015 confirmed high seismic
risk projections for the Himalayas (Bilham et al., 2001; Galetzka et al., 2015), inferred
mostly from paleoseismological proxies of past events (Mugnier et al., 2013; Bollinger et al.,
2014; Sapkota et al., 2013). Strong ground shaking caused the collapse of more than half
a million homes, killing more than 8,500 people and injuring more than 20,000. Land-
slides buried villages, roads, and river channels, consistent with coseismic impacts reported
from other active mountain belts (Kargel et al., 2016). Detailed sediment budgets show
that landslides triggered by strong seismic ground shaking may rapidly detach millions to
billions of cubic meters of rock, soil, and biomass, providing this material for subsequent
entrainment by surface runoff and river flows (Keefer, 2002). The resulting sediment pulses
may fill even rapidly incising bedrock rivers by up to several tens of meters (Yanites et al.,
2010), thereby causing protracted channel instability, impeding access to emergency areas,
destroying hydropower facilities, and compromising post-disaster rehabilitation efforts.
Detailed mass balances of recent large earthquakes in China (Li et al., 2014), Taiwan
(Hovius et al., 2011), Japan (Koi et al., 2008), and New Zealand (Pearce and Watson,
1986) offer blueprints of how river networks recover from sudden input of excess sediment
over several years to centuries. The high sediment transport rates in many mountain rivers,
however, rarely sustain evidence of prehistoric earthquake-induced sedimentation pulses.
In these cases, depositional records of catastrophic aggradation in forelands are more in-
structive (Berryman et al., 2012). Both of these lines of evidence for understanding river
network recovery have remained elusive in the Himalayas. We present exceptionally well-
preserved sedimentary archives that connect landscape-scale disturbance around Pokhara,
Nepal, to at least three documented medieval megathrust earthquakes (Mugnier et al.,

2013).

The city of Pokhara (28°13'N, 83°59’E, 870 m above sea level) is located at the foot of the
>8000-m peaks of the Annapurna Massif in the Seti Khola valley (Fig. 2.1). This steep
orographic gradient receives monsoonal rainfall of ~4,000 mm yr—! (Gabet et al., 2004).
Pokhara’s geology features primarily Precambrian metamorphic sandstones, shales, and
dolomites. Other rocks include Paleozoic phyllites and schists of the Lesser Himalayan
Series (LHS). Higher Himalayan Crystalline (HHC) rocks north of the Main Central

Thrust (MCT) are Precambrian high-grade metamorphic quartzites, schists, and gneisses
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Figure 2.1.: Topographic and geological setting of the Pokhara Valley. The
valley is covered by 4-5 km?® fan deposits that attest to massive aggradation from the
Annapurna Massif. (A) Oblique view of the Pokhara region, Nepal Himalaya, with the
fan-shaped Pokhara Formation (yellow) ponding several lakes (light blue) and tributaries
(K. = Khola = "River"), and 2012 rock-ice avalanche. (B) Shaded relief map from 15-m
digital elevation model. Concentric color-coded contours define the large sediment fan
formed by the Seti Khola issuing from the Higher Himalayan Annapurna Massif. (C) Ex-
ample of a longitudinal profile of small tributary backfilled by slackwater deposits (gray)
of the Pokhara Formation (yellow). Error bars (+2c¢) refer to GPS-derived elevation
measurements of former aggradation surface. (D) Simplified geological map (Robinson
and Martin, 2014) highlights the extent of the catastrophically emplaced Formation; see
text for abbreviations.

(Robinson and Martin, 2014; Parsons et al., 2015). Marine calcareous metasediments of
the Tethyan Sedimentary Series (TSS) prevail north of the South Tibetan Detachment
Zone (Bollinger et al., 2004; Waltham, 1972). Pokhara sits on a large sediment fan built
by the upper Seti Khola that drains the partly glaciated and debris-filled Sabche Cirque in
the Annapurna Massif. The fanhead near the MCT grades into a ~60-km-long flight of pro-
minent terraces downstream that rise up to 140 m above the river bed and envelop several
LHS bedrock hills (Fort, 1987). The fan has three stratigraphic units called the Tallakot,
Ghachok, and Pokhara Formations. We focus on the youngest Pokhara Formation com-
posed of extensive coarse gravel sheets, numerous boulders >10 m in diameter, and thick
debris flow deposits. Digital topographic data (Department of Survey, 1996) confirm
damming of the more than a dozen tributaries along Seti Khola’s course of >60 km by
Pokhara Formation sediments (Fort, 1987). These deposits dip upstream into tributary

valleys for >1 km and up to 7 km along the Magdi and Saraudi Khola featuring several
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meters of intercalated gravel, sand, and silt beds. We sampled enclosed peat beds, char-
coal lenses, and plant macrofossils (Figs. A.1 and A.2) for radiocarbon (}*C) dating and

for any earthquake-related sedimentation in eight different tributaries (Table A.1).
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Figure 2.2.: Bayesian calibration of *C ages of the Pokhara Formation. Pos-
terior probability densites (orange) of 26 **C dates from the Pokhara Formation, and
cosmogenic 1°Be exposure age of Bhim Kali boulder (whiskers are 10 error). Horizontal
lines are 95% highest density intervals (HDIs). Pooled posterior (red) has three distinct
sedimentation peaks (I-IIT) tied to dates of M > 8 medieval earthquakes in ~1100, 1255,
1344 C.E. (black dashed lines; gray dashed lines are other large earthquakes with lit-
tle information on rupture extent; the 1505 C.E. earthquake is not reflected in our *C
dates). Red box is 95% HDI for the ~1100 C.E. earthquake based on recalibrated *C
ages (Lavé et al., 2005).

Bayesian calibration of 26 '*C ages with a prior informed by stratigraphic relationships
between the samples (see Appendix A) returned a pooled posterior distribution with three
distinct peaks that match, within error, the timing of three large medieval earthquakes
in ~1100, 1255, and 1344 C.E. (Mugnier et al., 2013; Bollinger et al., 2014; Lavé et al.,
2005) (Fig. 2.2, Figs. A.3 to A.4, and Table A.2). Our oldest *C dates offer support
for the timing of the ~1100 C.E. earthquake, which has so far been inferred from fault
trenches (Lavé et al., 2005). Each of the three medieval earthquake dates lies within the
95% highest density intervals of at least five 1#*C dates. Our dates form a highly credible
cluster that may match with another historically documented large event in 1223. The
size and impact of this earthquake are unclear (Bollinger et al., 2014), however, when
compared to studies on the 1255 C.E. earthquake. Four statistically indistinguishable 1#C

dates spanning an 8-m-thick section of the trimmed fan toe in the Phusre Khola mark
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rapid aggradation tied to these earthquakes (Fig. A.6). A prominent and partly rounded
3000-ton HHC boulder (Fig. A.2), located on top of the Pokhara Formation and stranded
~50 m above the channel bed of the Seti Khola, has a cosmogenic °Be exposure age
coeval with another major earthquake in 1681 C.E. (Mugnier et al., 2013). Regardless
of whether this boulder was moved by sediment-laden flows, etched from the underlying
deposits, or simply toppled, it provides a minimum age for the Pokhara Formation and

attests to a sudden disturbance of its surface about 330 years ago.
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Figure 2.3.: Sediments of the Pokhara Formation. Fluvial processes and debris
flows deposited extensive horizontal layers of poorly sorted conglomerate. (A) Panorama
of the Pokhara sediment fan surface dissected by the Seti Khola and its tributaries (see
Fig. 2.1A for location). (B and C) Poorly sorted, gravel-to-boulder, clast-supported
conglomerate lacking erosional features and current structures. (D) Slackwater deposits
in Saraudi Khola with cohesive debris flow deposits (light gray) topped by intercalated
massive mud (dark gray), sands, and silts (light brown); white ellipses show persons
for scale. (E) Mud matrix-supported, fining-upward conglomerate interpreted as long-
runout debris flow deposits >40 km from their source. (F) Rip-up clasts in basal debris
flow unit. (G) Massive dark gray, clast-supported, fining-upward pebble-to-granule layers
with interbedded sands (light brown) indicate rapid settling from sediment-laden flow.

We found numerous outcrops of the Pokhara Formation that illustrate its catastrophic
origin. Two main facies of conglomeratic sediments are exposed within the trunk valley
of the Seti Khola and form continuous layers for tens to hundreds of meters that dip at
shallow angles (~0.5°to 1.2°measured by a tachymeter) in the direction of paleoflow. The

first facies comprises >10-m-thick beds of a massive, matrix-supported, very poorly sorted,
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and locally fining-upward conglomerate of HHC gravels, boulders, and rip-up clasts that
indicate emplacement by cohesive debris flows (Fig. 2.3 and Fig. A.7). At least three fining-
upward cycles point to large debris flows, but they may equally well represent surges within
one large event. The second conglomerate facies forms clast-supported units up to 40 m
thick. The lack of current structures and erosive contacts, together with fining upward
massive pebble- to granule-bearing sheets, indicates rapid fallout from high concentrations
of solids (Fig. 2.3). We interpret these clast-supported conglomerates to reflect rapid
aggradation during turbulent, sediment-laden flows. The massive, structureless clay and
silt layers in tributary valleys indicate rapid suspension fallout that we attribute to a
waning flow velocity and possibly ponding. The dominance of dark limestone together with
occasional HHC kyanite-sillimanite gneiss, pyroxenic marble, and augen gneiss excludes

local LHS sediment sources.

Using x-ray fluorescence spectrometry of the fine-grained fraction of the Pokhara Formation,
we confirmed an elemental composition different from the phyllitic bedrock in these LHS
tributaries (Fig. 2.4). We found instead with x-ray diffraction a mineral composition rich
in calcium carbonates, dolomite, muscovite, and traces of pyrite (Table A.3) characteristic
of TSS rocks, particularly Nilgiri Limestone (Waltham, 1972), from Sabche Cirque. We
infer a catastrophic sediment transport over >60 km that culminated in deposits invading

for several kilometers the lower reaches of several tributaries.

Catastrophic outbursts from natural dams and large rock-ice avalanches are two possible
mechanisms for producing the long-runout debris flows. The clustered *C dates, the
confined sediment provenance, and the dammed tributary mouths are consistent with
one or several dam-break flows (Carling, 2013). We interpret the thick stacks of fine-
grained sediments as slackwater deposits trapped in tributary valleys during backwater
flooding (Baker et al., 1983). The Seti bedrock gorge upstream of the MCT had previously
accommodated temporary lakes, judging from at least three dissected landslide dams up
to 300 m in height (Fig. A.8). Dam-break modeling (see Appendix A) shows that sudden
failure of a 300-m-high dam could release up to 1 km3 of water at a peak discharge of
45,000 to 600,000 m3 s~! in the lower Seti gorge. Although exceeding the largest historic
lake outbursts in the Himalaya (Korup and Tweed, 2007), several such major events would
be needed to deliver the 4 to 5 km?® of sediments in the Pokhara Formation downstream
(Fort, 1987), assuming a solids concentration of 80% by volume that is characteristic of

cohesive debris flows. Some 10 to 15 km?® of debris and lake sediments lining the Sabche
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Cirque floor (Fort, 1987) could feed lake outbursts and provide the necessary geochemical

fingerprint for repeated catastrophic aggradation in the Pokhara basin.
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Figure 2.4.: Provenance of slackwater deposits from x-ray fluorescence spec-
trometry indicating highly localized High Himalayan source of the Pokhara
Formation. Hierarchical cluster analysis yields three major classes of elemental compo-
sitions of LHS bedrock, slackwater deposits, fine-grained flood and debris flow deposits of
the Pokhara Formation, and recent flood sediments of the Seti Khola and its tributaries.
The three classes indicate sediment sources. Elemental compositions of the sedimentary
fills in tributary mouths are highly similar, indistinguishable from load transported by
the Seti Khola, and attest to a common source in the Sabche Cirque. Compositional vari-
ation of LHS bedrock reflects locally occurring limestone at the Seti and Magdi Khola

confluence.
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Catastrophic rock-ice avalanches from the Annapurna Massif (Fort, 1987) represent an
alternative initiation process for long-runout debris flows. Historic case studies from Peru
(Evans et al., 2009a), Tibet (Shang et al., 2003), and the Caucasus (Evans et al., 2009b)
showed how rock avalanches detaching >107 m3 from >4000-m-high mountains entrained
glacier ice and transformed into debris flows and sediment-laden flows, which traveled as
far as 130 km at average velocities of >30 km hour™! (Evans et al., 2009a). The case of
the earthquake-triggered rock-ice avalanche from the Andean peak of Nevados Huascaran
(6654 m) that buried the town of Yungay beneath a large debris flow fan (Evans et al.,
2009a) in 1970 is strikingly similar to that of Pokhara in terms of topographic relief
contrasts and far-reaching geomorphic impact, although much smaller in size. Some of the
debris mounds in Sabche Cirque may partly derive from catastrophic rock slope failures,
possibly larger than the recent one that detached ~59 Mt of rock and ice from the flanks
of Annapurna IV and evolved into a flash flood that killed more than 70 people in the
lower Seti gorge in May 2012 (Ekstrom and Stark, 2013).

Our findings substantiate previous hypotheses of a catastrophic origin of the Pokhara
Formation (Fort et al., 2009), merging several lines of evidence that point consistently
to highly mobile mass movements from the upper Seti catchment triggered by medieval
earthquakes. This geomorphic legacy of multiple earthquake-driven sedimentation pulses
is unique in the Himalayas, recording episodic plugging of tributaries by rapid fluvial aggra-
dation and long-runout debris flows from a single HHC source rather than aggradation
in response to local coseismic landsliding. The large medieval sediment pulse(s) from the
confined source area of the upper Seti Khola would have been accompanied by thousands
of smaller landslide point sources, judging from the patterns of historic earthquakes inclu-
ding the 2015 Gorkha events (Kargel et al., 2016). Yet evidence of repeated catastrophic
valley infill following the cluster of medieval earthquakes so far remains limited to the
Pokhara region. We cannot discount the remote probability that our *C dates might
have no causal connection with the timing of large medieval earthquakes; at least, our 1*C
dates show no conclusive correlation with temperature and monsoon proxies for the region
(Fig. A.9). Contemporary rates of river incision into the Pokhara Formation remain high,
triggering widespread bank erosion, terrace slumps, local ground subsidence, and high
sediment yields. Thus, geomorphic adjustment to several medieval catastrophic aggrada-
tion pulses has been ongoing for at least three centuries and clearly outweighs previously

documented periods of postseismic river recovery in the Himalayas or elsewhere (Keefer,
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2002; Yanites et al., 2010; Li et al., 2014; Hovius et al., 2011; Koi et al., 2008; Pearce
and Watson, 1986). We conclude that Pokhara’s current earthquake vulnerability profile
(United Nations Develop Program et al., 2010) should consider in more detail the potential

impacts and consequences of postseismic sediment pulses.
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3.1. Abstract

Uncertain timing and magnitudes of past mega-earthquakes continue to confound seismic
risk appraisals in the Himalayas. Telltale traces of surface ruptures are rare, while fault
trenches document several events at best, so that additional proxies of strong ground
motion are needed to complement the paleoseismological record. We study Nepal’s Pokhara
basin, which has the largest and most extensively dated archive of earthquake triggered
valley fills in the Himalayas. These sediments form a 148-km? fan that issues from the
steep Seti Khola gorge in the Annapurna Massif, invading and plugging 15 tributary
valleys with tens of meters of debris, and impounding several lakes. Nearly a dozen new
radiocarbon ages corroborate at least three episodes of catastrophic sedimentation on the
fan between ~700 and ~1700 AD, coinciding with great earthquakes in ~1100, 1255, and
1344 AD, and emplacing roughly >5 km? of debris that forms the Pokhara Formation. We
offer a first systematic sedimentological study of this formation, revealing four lithofacies
characterized by thick sequences of mid fan fluvial conglomerates, debris-flow beds, and
fan-marginal slackwater deposits. New geochemical provenance analyses reveal that these
upstream dipping deposits of Higher Himalayan origin contain lenses of locally derived
river clasts that mark time gaps between at least three major sediment pulses that buried

different parts of the fan. The spatial pattern of *C dates across the fan and the prove-

29



3.2. Introduction

nance data are key to distinguishing these individual sediment pulses, as these are not
evident from their sedimentology alone. Our study demonstrates how geomorphic and
sedimentary evidence of catastrophic valley infill can help to independently verify and
augment paleoseismological fault-trench records of great Himalayan earthquakes, while
offering unparalleled insights into their long-term geomorphic impacts on major drainage

basins.

Keywords: Catastrophic valley infill; Great Himalayan earthquakes; Radiocarbon age

dating; Provenance analysis; Paleoseismology; Nepal

3.2. Introduction

Destructive earthquakes such as the ones that killed nearly 9000 people in Nepal in 2015
are a direct consequence of the rapid convergence of the Indian and Eurasian continen-
tal plates, and call for reliable seismic risk assessments to mitigate future losses in the
Himalayan region. The record of instrumental records of strong seismic ground shaking is
limited to few decades, so that researchers rely on methods of paleoseismology. Historic
documents mention several large earthquakes in the past millennium, but the return peri-
ods of major fault ruptures and possible connections to geological evidence remain partly
elusive (Bollinger et al., 2014). The search for a consistency between historical reports and
fault-trench studies has fueled a lively debate about the magnitudes and rupture lengths of
potential Himalayan megathrust earthquakes (Mugnier et al., 2013; Sapkota et al., 2013;
Rajendran et al., 2015; Bollinger et al., 2016; Mishra et al., 2016). Most paleoseismological
data come from fault trenches, historical records, offset river terraces, seismically deformed
or liquefied sediments, and have so far been tied to five major earthquakes since about 1100
AD (Bollinger et al., 2016). Blind fault ruptures, such as during the 2015 Gorkha earth-
quakes, however, limit a comprehensive coverage by fault trenching alone. Few trenches
reveal data on more than one large fault rupture, and a viable chance of missing out on
past large earthquakes remains (Sapkota et al., 2013; Mishra et al., 2016). Other earth-
quake proxies such as giant rockslide deposits (Blothe and Korup, 2013) or precariously
balanced boulders (Balco et al., 2011) have seen little application in the Himalayas, though

demand for alternative sources of information about past earthquakes is high.

To meet this demand, we investigate the Pokhara Formation, a suite of catastrophic valley

fills in the Lesser Himalayas of Nepal (Fort, 1987; Fort and Peulvast, 1995; Fort et al.,
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Figure 3.1.: Overview map of the Pokhara Valley. Topography and simplified
stratigraphy of the Pokhara basin, Nepal Himalaya, with the known extent of the three
major stratigraphic formations. Numbers and letters in brackets following place names
keyed to subsequent figures. Shaded relief data from 15-m digital elevation model. The
geological setting is dominated by the Higher Himalayan rocks (Sobre Fm, Annapurna
Fm, HHC) featuring mainly gneisses and Nilgiri Limestone, and the Lesser Himalayan
rocks known as the Nawakot unit. The Kuncha Formation forms the lower part of this
unit and contains mostly phyllites and quartzites (geological map simplified after Martin
et al. (2005)).
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2009); these valley fills appear to have formed in the wake of several medieval earthquakes
(Schwanghart et al., 2016). Our objective is to derive from these valley fills a catalogue
of diagnostic sedimentary and geomorphic features of past earthquake-triggered sedimen-
tation. We do so by reviewing, partly building on, and refining previous work (Hagen,
1969; Gurung, 1970; Hormann, 1974; Yamanaka, 1982; Fort et al., 2009; Schwanghart et al.,
2016). We add new radiocarbon, sedimentological and geomorphic, provenance, dGPS,
and laser scanning data that highlight how the Pokhara basin aggraded dramatically in
at least three major pulses. We consolidate an existing chronology (Schwanghart et al.,
2016) of the Pokhara Formation with 11 new #C ages, demonstrate that the formation
took less than a millennium to form, and test further its relation to medieval earthquakes,

based on new data on sediment characteristics, lithofacies, and provenance.

3.3. Study Area

The Nepal Himalayas straddle the active collision zone of the Indian and Eurasian tectonic
plates, where rock uplift rates are high, monsoonal precipitation is intensive, and erosion
is rapid (Lavé and Avouac, 2000, 2001). Nepal’s second largest and fastest growing city
Pokhara (28°15’'N, 83°58’E, 870 m) lies in the "Pahar" (midland) region, pinched between
the Lesser Himalaya in the south and the Higher Himalayan Annapurna Massif in the
north (Fort, 2010) (Figs. 3.1 and 3.2A). More than 300,000 people have settled in and
around Pokhara since about 1700 AD, and its population tripled in the past 25 years
(Rimal et al., 2015). Elevation rises from 1000 m north of the city to 8000 m over only
~20 km of horizontal distance, forming one of the steepest topographic gradients on
Earth. This physiographic transition (Wobus et al., 2003) or High Himalayan Front
(Godard et al., 2012) largely coincides with the location of the Main Central Thrust
(MCT), a structurally complex, north dipping shear zone (Hodges et al., 1996). The
Higher Himalayan Crystalline Series (HHC) (Le Fort et al., 1987; Martin et al., 2005) con-
sists mainly of Precambrian high-grade metamorphic quartzite, schist and gneisses north
of the MCT. The South Tibetan Detachment Zone separates High Himalayan metamor-
phic rocks from Paleozoic and Mesozoic marine calcareous metasediments and limestones
of the northern Tethyan Sediment Series (TSS) forming the peaks of the Annapurna
Massif (Mascle et al., 2012; Dhital, 2015). South of the MCT, the Pokhara basin features
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Precambrian metamorphic sandstones, shales, and dolomites, though mostly Paleozoic

phyllites and schists of the Lesser Himalayan Series (LHS) (Dhital, 2015).

Figure 3.2.: Field images from various outcrops along the Seti Khola. Pho-
tographs of the Pokhara basin and Pokhara Formation. A) Northward view from
Sarangkot (1530 m asl) to the Annapurna Massif and Sabche cirque. B) Terraces of
the Pokhara Formation (lithofacies F1) with laterally extensive conglomerate and coarse
sand layers, Ramghat, central Pokhara city. C) Massive debris-flow deposits between
sands and silts (F2), Mardi Khola. D) Massive, matrix-supported conglomerate (2.2 m)
overlain by pebble to -granule layers with interbedded sands (light brown) indicating
rapid settling from suspension, lithofacies F2, Magdi Khola. E) Thick layers of slackwa-
ter sands and silts of lithofacies F3, Anpu Khola. F) Slackwater deposits (F3), massive
homogeneous mud overlain by matrix-supported conglomerate (1 m thick) with small
limestone pebbles, Phusre Khola. G) Panorama of an outcrop along the Seti Khola at
the confluence to Pudi Khola; note extensive sand and conglomerate layers, and gray
capping debris flow (lithofacies F4). See Fig. 3.2 for all locations. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of
this article.)

We focus on the youngest fill of the Pokhara basin, the Pokhara Formation (Yamanaka
et al., 1982; Fort, 1987), which forms an alluvial fan that covers ~148 km? from 1350 m
to 400 m asl, and sustains most of Pokhara’s urban area. The fan is incised by the Seti
Khola (= ’river’), which drains the Annapurna massif, originating in Sabche cirque and
plunging through a steep and narrow bedrock gorge. The catchment area upstream of the
fan head is ~270 km?, and includes the peaks of Machapuchhare (6997 m), Annapurna III
(7557 m), and Annapurna IV (7525 m) (Fig. 3.2A). The fan head is located near the MCT,
where the Seti gorge opens into the gently sloping Pokhara basin. Cut-and-fill terraces

33



3.3. Study Area

interrupted by short, narrow, and steep gorges flank the Seti Khola over a distance of
70 km (Fig. 3.1), and the Pokhara Formation partly covers several LHS bedrock hills
(Fort, 1987). Two other major stratigraphic units, the Tallakot and Ghachok Formations,
predate and intersect with the Pokhara Formation (Fig. 3.1). The Tallakot Formation
in the northern part of the basin is mostly calcareous, cemented, granule to boulder-
size conglomerates with a silty matrix (Yamanaka et al., 1982). The undated Ghachok
Formation is stratigraphically higher than the Tallakot Formation and occurs throughout
much of the Pokhara basin, containing mainly calcareous conglomerates that are indurated
by a light brown silty matrix (Fort, 1987; Dhital, 2015), and that support steep slot gorges

and some caves.

Hagen (1969) interpreted the Pokhara valley as a former lake basin, and (Hormann, 1974)
linked several outcrops of lacustrine deposits to episodes of former damming. He specu-
lated that the well-developed flights of fan terraces fringing the Seti Khola were glacio-
fluvial gravels from two major glaciations, though having obtained a radiocarbon (}*C) age
with a recalibrated 95% highest density interval (HDI) of 993-1157 AD for a tree trunk
encased in these terraces (Fort, 1984). Follow-up studies brought to light more young
14C ages between 905 and 1437 AD (95% HDI) (Yamanaka, 1982), casting doubt on a
Pleistocene origin of the fan terraces, and instead raising the possibility of medieval debris
flows from catastrophically failed moraine dams, filling the valley, blocking tributaries of

the Seti Khola, and forming the lakes that still dot Pokhara’s landscape today.

Obtaining more and slightly younger **C ages, Fort (1987) proposed that some 4 km?3
of the Pokhara Formation formed following an earthquake in 1505 AD (Table 3.1). The
few samples, their large scatter, high measurement errors (4 100 years; 20), and cursory
documentation made it difficult, however, to identify a basal age of the Pokhara Formation,
leaving both the 1255 and 1505 AD earthquakes as potential candidates for triggering
catastrophic sedimentation, if accepting a seismic trigger (Fort, 2010; Hanisch and Koirala,
2010). Schwanghart et al. (2016) re-calibrated all available *C ages and added 18 new
AMS *C ages using several Bayesian priors (Bronk Ramsey, 2009b), and found that three
distinct peaks in the pooled age distributions coincided with the timing of nearby M > 8
earthquakes in ~1100, 1255, and 1344 AD. They speculated that catastrophic failure of one
or several natural dams, likely tied to large runout rock-slope failures, in the Annapurna
Massif could have produced megaflood and debris-flows deposits that make up the Pokhara

Formation.
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Table 3.1.: Large historic earthquakes of Nepal

Year Month Day Date (AD 4C Age* (calAD) Location Magnitude Length — Measure Reference
From To N(¢) E(° (km)

1100 ~1100 1160 1020 Eastern nepal ~8.6-8.8 280-400 Fault strands exposed Lavé et al. (2005)
in trenches

1255 6 7 1255 1442 1224 Central nepal 27.7 853 ~81 300-400 Fault strands exposed Mugnier et al. (2011)
in trenches

1344 9 14 1344 1422 1222 Kumaon (India) ~8.4-9.2 300-500 Fault strands exposed Kumar et al. (2006)
in trenches

1505 6 6 1505 1610 1410 Western Nepal 295 83 8.1 250-400 Defined by surface dam-  Yule et al. (2006)
age

1934 1 15 1934 1630 Eastern ~ Nepal; 27.55 87.09 8.1 160-250 Instrumental data Mugnier et al. (2013);

Bihar plain Sapkota et al. (2013)
2015 4 25 2015 Gorkha 28.15 84.71 78 120 Instrumental data (Avouac, 2015)

* For the 1*C age listed in the two columns we used the radiocarbon dates from the References listed. The numbers are the 95% HDISs

3.4. Methods

3.4.1. Geomorphic and sedimentological fieldwork

To learn more about the sedimentary characteristics and chronology of the Pokhara
Formation, we inspected several dozens of cut banks distributed over more than 30 km
along the Seti Khola and its tributaries. We logged in detail 26 sedimentary sections, iden-
tifying major lithofacies, and searching in particular for evidence of megafloods (Richard
and Waitt, 1985; Baker, 1987; Carling, 2013). We laser-scanned six of these outcrops
with a Leica Multistation MS50 to measure the thickness and dip of beds in the Pokhara
Formation over horizontal distances of 50-150 m, referenced to separately measured differ-
ential GPS (dGPS) points captured by Leica GNSS GS10 high-precision receivers. Repeat
measurements indicate that individual points are accurate to 0.02 m and 0.1 m in the
vertical and horizontal, respectively. We cross-checked the LiDAR data of outcrops with
tape measures, and logged sections at centimeter-scale resolution, focusing on sedimentary

structure, texture, grain size, and paleo-current directions.

3.4.2. Radiocarbon dating

We sampled charcoal, wood, plant macrofossils, humic silt, and buried soils for *C dating
to constrain the age of the Pokhara Formation in eight tributaries of the Seti Khola.
Previously reported 1#C dates are from fine-grained sediments or conglomerates (Fig. 3.3A,
Table 3.3) exposed in these and other tributaries (Schwanghart et al., 2016). To the
26 published *C dates (Yamanaka et al., 1982; Fort, 1987; Schwanghart et al., 2016)
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we add ten new ones that we collected in November 2014 and March 2015, and one
recalibrated, previously unpublished, age by K. Hormann (Fort, 1986). We computed
a posterior probability density function of all '*C ages from Bayesian calibration using
OxCal 4.2 with the IntCall3 (Reimer et al., 2013) curve, using as priors the field-based
stratigraphic relationship of the samples. The calibration model assumes a uniform-three-
phase model with ages spread evenly around the historic dates of three major earthquakes
in ~1100, 1255, and 1344 AD (Schwanghart et al., 2016). We also tested several variants of
the OxCal charcoal model (Bronk Ramsey, 2009b), including one that assumes all dates
are outliers, as wood takes some time to grow so that charcoal ages often predate the
timing of charcoal deposition (Schiffer, 1986). We also explored a model variant with all
samples in stratigraphic order, assuming that deposition took place in one single phase
only. Consistent with the findings of Schwanghart et al. (2016), the exact choice of this
and other priors hardly changed the posterior distribution featuring three distinct peaks in
calendar years. We also conducted simulations with synthetic radiocarbon dates at evenly
spaced time intervals to verify that peaks in our calendric age distributions did not result

from kinks and plateaus in the calibration curve.

3.4.3. Provenance analyses

We used X-Ray fluorescence (XRF) spectrometry to analyze the chemical composition of
60 samples taken from LHS bedrock, recent flood sediments, and the Pokhara Formation
(Fig. 3.3B). We homogenized and powdered our samples after drying at 50°C. Each sample
was measured twice with a portable energy dispersive XRF spectrometry (P-EDXRF) for
120 s with different filters to detect different specific elements. Only elements with means
larger than four times the mean 20 error of the measurements were taken into account, i.e.
Al Ca, Cl, Fe, K, Mg, P, Pb, Rb, S, Si, Sr, Ti, V, and Zn. The P-EDXRF was calibrated
using the certified reference material (CRM) GBWO07312; recovery values for the main
oxides were between 99.4% and 112.1%. We then classified the samples based on their
similarities of geochemical signature with a hierarchical cluster analysis using squared
Euclidian distances and Ward’s minimum variance criterion (Willet, 1987). A dendro-
gram of this unsupervised learning method depicting the dissimilarity, which measures
the distance between individual samples in parameter space, helped us decide whether

samples belonged more likely to the HHC or the local LHS bedrock.
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Figure 3.3.: Overview map of the sampling sites and types of deposits studied.
Gray shades delineate the Pokhara fan. See Fig. 3.1 for more details on the study area.

Results

3.5.1. Sedimentological analyses

The most striking geomorphic feature of the Pokhara fan is that it migrated into several
tributaries for between 0.7 and 7.5 km upstream (Fig. 3.1). Detailed laser scans and dGPS
measurements reveal that the fan sediments dip upstream into these tributaries at inclina-
tions of 0.5-0.8°near Saraudi Khola, blocking, deflecting or narrowing the smaller channels.
In the detailed sediment logs of 26 outcrops we distinguish four sedimentary lithofacies
(F1-F4, Fig. 3.3, Table 3.2) of the Pokhara Formation, reflecting individual depositional
environments that change perpendicular to the fan axis (Fig. 3.2B); the central fan portion

along the active channel of the Seti Khola (F1); a transitional zone where the tributaries
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confluence with the Seti Khola (F2); a distal zone in the lower reaches of these tributaries
(F3); and an extensive debris-flow deposit (F4) capping F1, F2, and F3 in upstream parts

of the fan.

Lithofacies F1 - fan center

Lithofacies F1 is best exposed at the head (e.g. north of the Mardi Khola confluence,
Fig. 3.1) and in central parts of the Pokhara fan (Figs. 3.3 and 3.4A), featuring up to
10-m thick units of sub-horizontally bedded, poorly sorted, and clast-supported conglo-
merates alternating with <3-m coarse layers of sands, granules, and outsize boulders with
an average diameter of about 2 m (Table 3.2).

In outcrops along the trunk channel, the lowermost conglomerate units are 5-10 m thick,
and change upwards from a clast-supported to matrix-supported texture. Grading is
crude and normal from cobbles to coarse pebbles; these units extend along the fan axis
for more than 100 m (Fig. 3.2G). An overlying unit of ~40-m thick sediments consists of
stratified and clast-supported cobble conglomerates that fine downstream over a distance
of ~45 km into pebble-sized conglomerates alternating with sand layers that are 0.5-3.0
m thick (Fig. 3.2B). Tributary mouths feature nests of sub-rounded, boulder-sized, and
indurated conglomerates encased in medium-sandy beds (e.g. Pudi Khola, Fig. 3.1).

We interpret the poorly sorted and laterally extensive matrix-supported conglomerate in
F1 as deposits of cohesive debris flows (Hungr et al., 2001). In contrast, the overlying strati-
fied, clast-supported coarse conglomerates likely indicate deposition in highly energetic,

non-cohesive, bedload-rich, turbulent water flows characteristic of river floods.

Lithofacies F2 - tributary mouths

Lithofacies F2 is limited to tributary mouths (Figs. 3.3 and 3.4B). Its basal units are 1-6 m
thick, disorganized, very poorly sorted, fining upward and clast-supported conglomerates
with a sandy matrix. The conglomerates are cobble-to granule-sized and lack current
structures.

Distinct interspersed, well-sorted finer layers grade upwards from pebbles to granules, and

have many undulating contacts and deformation features (Fig. 3.2C). The conglomerates
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Table 3.2.: Sediment lithofacies of the Pokhara formation.

Litho- Lithology Texture Thickness Bedding geometry and Transport and Inferred Depositional
Facies Structure processes Environment
F1 Clast- Grain Size: Pebble to Sub-horizontal dip (0.8°),  Transport by Central fan
supported boulder. laterally extensive and Newtonian-like fluids with
conglomerate Matrix: Poorly sorted, parallel bedded for at high sediment
coarse, sub-rounded least 100 m. Lack of concentration — turbulent
sand. current structures. flow. High sedimentation
rates suppress current
reworking
Sand layers Grain Size: Coarse 0.5-3 m for

sands to granules with
some outsized boulders

single beds;
the unit is

up to 25 m
thick

Matrix- Grain Size: Pebbles to  5-10 m Sub-horizontally and Cohesive debris flow
supported boulders. laterally extensive layer
conglomerate Matrix: Poorly sorted,

fine, angular sands to

muds.

F2 Mud, silt to Silts to coarse sands 0.3-3 m Extensive, shallow dipping Rapid settling from Tributary
sand (1.2°) and laminated beds. suspension/sediment-laden mouths
alternation Rare cross bedding and flow.

soft sediment structures.

Clast- Conglomerate: 1-6 m No current structures Rapid suspension fallout
supported Grain Size: Granules to Shallow dipping and and partly bedload
conglomerate cobbles, with some extensive beds
interbedded boulders.
with sand Matrix:

Normally-graded sand.

Sand layers:

Grain Size: Silts to

sands
Matrix- Grain Size: Granules to 3-5 m Undulating at the base Cohesive debris flow
supported cobbles. Limestone
conglomerate Matrix: mud featuring  clasts are

oblate limestone clasts  1-5 cm

F3 Alternation of  Grain Size: Clays to 0.5-4 m Bedding geometry: Fall-out from high Fan margins
mud and silt medium, normally Laterally extensive and concentration suspensions
layers graded sand with some continuous for at least 50  in peak flow stage. Rapid

medium to coarse m. Low upstream dip of aggradation suppresses
pebbles, and massive 1.4-1.5°. Soft sediment the development of
mud and silt layers deformation: flames, current structures.
loading and dewatering.
Current structures: ripple
cross-lamination are rare
Matrix- Grain Size: Normally 0.5-2 m, Bedding geometry: Cohesive debris flow
supported graded medium to max. 5 m Laterally continuous for at
conglomerate coarse, sub-angular to least 50 m
sub-rounded, pebbles.
Matrix: Mud

F4 Matrix- Grain Size: medium 4-11 m Bedding geometry: Cohesive debris flow Capping unit
supported cobbles to boulders. Laterally continuous from
conglomerate Up to 3 normally the main fan into

graded units; Poorly
sorted, angular clasts.
Matrix: mud and sand

tributary valleys and
downstream increasing
thickness (Fig. 3.2A)

alternate with tabular, up to 3-m thick, silty to coarse sandy layers that are laminated,
though the sands are cross-bedded in places. F2 also contains interbedded layers of mud
matrix-supported conglomerates with cobble-to granule-sized limestone clasts, and some
undulating basal contacts (Fig. 3.2D).

We interpret the clast-supported conglomerates with sand and silt beds as fallout from
rapid suspension in water flows. The soft-sediment deformation structures at the contacts

suggest rapid sedimentation without much dewatering of uppermost layers (Carling, 2013).
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We interpret the overlying matrix-supported conglomerates as cohesive debris flows (Hungr
et al., 2001) that eroded or at least deformed water-saturated units at their base, with

little time passing between successive pulses.

Lithofacies F3 - fan distal zone

The tributary valleys of the Seti Khola store the finest sediments of the Pokhara Formation
(Fig. 3.4C). F3 makes up the distal parts of the formation (Fig. 3.3), where it invaded
the tributaries, featuring homogeneous sand, silt, and massive mud layers organized into
0.5-4.0 m thick units (Table 3.2) that alternate with mud to medium-grained sand with
some pebbles (Fig. 3.2E). The beds are planar, and extend along tributaries for more than
50 m, grading normally from medium sand to clay. The contacts are tabular or show
flames, loading and dewatering structures with few erosional contacts, and some current
ripples (Fig. 3.5). Poorly-sorted, mud matrix-supported conglomerate layers between these
alternating mud, silt, and sand beds (in average 0.5-2 m thick) contain sub-angular to sub-
rounded clasts fining upwards from coarse pebbles to fine granules.

We interpret the finest units as slackwater deposits that rapidly dropped out of suspension
in decelerating flows of catastrophic floods (Baker, 1987) and high-concentration sediment
flows (Fig. 3.2F) (Carling, 2013). These silty to fine sandy slackwater sequences are
exclusively of HHC provenance, more than 14 m thick in Saraudi Khola, 3 km upstream
of the Seti Khola (Fig. 3.1), and devoid of any organic material. Their rapid deposition
explains the lack of current structures. In contrast, the mud-matrix supported, pebbly
conglomerates, are indicative of hyperconcentrated flows and cohesive flows (Jakob and

Hungr, 2005).

Lithofacies F4 - capping conglomerate

An extensive, poorly sorted, mud- and silt-matrix supported, conglomerate forms litho-
facies F4. It is the most poorly sorted lithofacies with a sharp and locally undulating basal
contact and up to three fining-upward units. Angular clasts include medium cobbles to
coarse boulders (<0.4 m). In the northern parts this conglomerate is 3-5 m thick, whereas
in the southern parts of the Pokhara Formation it can be up to 11 m thick; confined
bedrock reaches of the Seti Khola have even thicker stacks (Figs. 3.3, 3.4A and 3.4C).

We interpret F4 as cohesive debris-flow deposits based on their poorly sorted and massive
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Figure 3.4.: Examples of lithofacies classification. A) Lithofacies F1-Fan center.
Sediment log and field images of lithofacies F1 at Ramghat, Seti Khola, central Pokhara
city (Fig. 3.1). Conglomerates (cgl) alternating with thin beds of sands. B) Lithofacies
F2 - Tributary mouths. B1) Massive beds of debris-flow deposits in the Mardi Khola
(mud-matrix supported conglomerate) on top of B2) sands and silts that alternate be-
tween clast-supported conglomerates (cgl). F2 occurs mostly at the tributary mouths of
the Seti Khola. C) Lithofacies F3-Fan distal zone. Lithofacies F3 and F4, Anpu Khola
(Fig. 3.1). C1) F3: massive silt and mud layers dominate this lithofacies; the lower
conglomerate (cgl) is a hyperconcentrated flow with Nilgiri limestone pebbles (HHC) in
a muddy matrix. Insert show a radiocarbon sample (Poz-69260, Table 3.3) taken from
this silty layer. C2) F4: the capping debris-flow deposit mainly occurs in the Seti Khola
valley though reaches some of its eastern tributaries.

texture and its muddy matrix (Hungr et al., 2001; Carling, 2013). The enclosed fining-
upward units represent either one debris-flow event consisting of multiple pulses or several

debris flows without clearly visible erosional contacts.

3.5.2. Geochemical analyses

Our geochemical analyses show that the Nilgiri Limestone, a prominent lithology in the

Annapurna Massif rich in calcium carbonate, dolomite and muscovite (Waltham, 1972;
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' Ghachok Fm

Il Pokhara Fm

Figure 3.5.: Paleo-Currents along the Seti Khola. Measured paleo-current direc-
tions of the Pokhara Formation. A) Ripples (n = 25) in slackwater deposits, Phusre
Khola. B) Flames (n = 7), Phusre Khola, adjacent to a bedrock flow obstacle, explain-
ing the two differing paleo-flow directions; C) Cross-beds (n = 4), Anpu Khola, dipping
downstream along the Seti Khola, and away from the bedrock flow obstacles. D) Cross-
beds (n = 5), Pudi Khola, about 0.2-0.5 km upstream of the Seti Khola; flow was entering
the tributary but also returned back into the trunk valley. Rose diagrams were compiled
with the free software Georose (www.yongtechnology.com).

Colchen et al., 1981), dominates the clast composition of the Pokhara Formation, to-
gether with scattered HHC gneisses, granites, and marbles. The main differences in ele-
ment content of the LHS and HHC samples concern Ca (0.03-16% and 19-40% in the LHS
and HHC, respectively), Al (1-32% and 10-21%), and Si (17-45% and 13-26%) concentra-
tions. We measured Ca values of up to 40%, indicating that pure calcite (CaCOs3) occurs
in the HHC Series. X-Ray fluorescence spectrometry of fine slackwater deposits, conglome-
rates, debris-flow layers and LHS bedrock confirms that the elemental composition of the
Pokhara Formation differs strongly from that of the local LHS bedrock (Fig. 3.6). A few
layers of local LHS sediments enclosed in thick beds of HHC-derived slackwater deposits
attest to local input that separates multiple phases of rapid aggradation. The clearly
separable LHS and HHC samples independently support our sedimentological interpreta-
tion of lithofacies F3 as HHC-derived slackwater deposits rather than LHS-derived lake
sediments in the lower tributary reaches, so that we reject previous hypotheses (Hagen,

1969; Hormann, 1974; Yamanaka et al., 1982; Fort, 1987) that the fine sediments resulted
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3. Catastrophic valley fills record large Himalayan earthquakes, Pokhara, Nepal

from local ponding. Our sediment logs independently confirm that HHC sediments extend
upstream into tributaries in laterally graded facies instead of interfingering with local LHS

material (Figs. 3.7 and 3.10).
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Figure 3.6.: Geochemical Analysis of lithofacies. Geochemical (P-EDXRF) ana-
lysis of 60 samples from the lithofacies of the Pokhara Formation, Lesser Himalayan
Series (LHS) bedrock, and modern flood deposits. "Main Valley Deposits" = lithofacies
F1; "Slackwater Deposits" = lithofacies F3; "Debris-Flow Deposits" = lithofacies F1-F4;
"Local Material" is LHS sediment between and on top of HHC sediments of the Pokhara
Formation. Inset shows the three most separable chemical compositions of the samples.
Bubbles and triangles are HHC and LHS sediments, respectively. The samples indicated
with an asterisk are from Schwanghart et al. (2016) and clustered by their lithological
dissimilarity, a measure of distance in the parameter space.
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Figure 3.7.: Relation between sediment units and *C ages. Terrestrial laser
scanning points of selected beds in the Pokhara Formation lithofacies F3, Anpu Khola.
Distance is measured from the main valley upstream into the tributary valley. The
dashed lines are based on tracing of individual sediment layers (cohesive debris flow
layers and sand layers) in the field, which are continuous along the lateral extent of the
outcrop/figure. Note that three 1#C ages (white stars) are stratigraphically inverted with
respect to younger ages (gray stars). We interpret this as river incision following the first
sediment pulse at around 1100 AD, and refilling with slackwater deposits during the
second pulse at around 1255 AD; df - debris flow; S - sand layer; Fm - Formation; all
ages (stars) indicated as AD; Anpu F is a scanned outcrop; AnpuC is a sediment log
shown in Fig. 3.4C.

3.5.3. Radiocarbon dating

Our ten new #C dates are highly consistent with the chronology of 26 dates of the Pokhara
Formation compiled by (Schwanghart et al., 2016) (Figs. 3.8 and 3.9, Table 3.3). The dates
consolidate the scenario of catastrophic sedimentation connected to three large earthquakes
in ~1100, 1255, and 1344 AD, within measurement and calibration errors. None of our
samples produced outlier ages. Even the recalibrated, unpublished date by K. Hormann
(Fort, 1986) has a 95% HDI ranging from 933 to 1157 AD. A new charcoal sample (Poz-
75103) from a paleosol between the Pokhara Formation and LHS bedrock in Anpu Khola
has a 95% HDI from 655 to 769 AD. This gives a tentative maximum age for the Formation,
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Table 3.3.: (Re-)Calibrated *C dates from the Pokhara Valley.

Lab.No Sample ID River N (°) E (°) Elevation Material Radiocarbon 95% HDI (AD)
(m asl) age (BP) £ 1o From To
Fort (1987)
BS-464 83-PQ523 Bijaypur 28.21 84.029 - Charcoal 390 £+ 110 1264 1507
BS-465 83-PQ525 Bijaypur 28.21 84.023 - Wood 510 £+ 140 1270 1473
Gif-6220 83-PQ641 Phusre 28.18 83.971 - Wood 450 £ 100 1280 1486
Fort (1986)
Hormann unpublished Magdi Wood 950 + 54 993 1157
Yamanaka (1982)
- TH-719 Phusre 28.18 83.971 - Wood 750 + 100/- 90 1166 1258
- TH-720 Phusre 28.18 83.971 - Wood 970 + 100/- 110 936 1177
- TH-721 Phusre 28.186 83.956 - Humic Silt 1070 £+ 100 905 1150
- TH-722 Bijaypur 28.215 84.03 - Peat 590 £+ 110 1274 1437
- TH-723 Bijaypur 28.218 84.031 - Peat 770 + 100/- 110 1166 1257
Schwanghart et al. (2016)
COL1915.1.17  BIJ02 Bijaypur 28.219 84.029 820 Humic Silt 772 + 46 1177 1262
COL1916.1.17  PH02C Phusre 28.18 83.968 730 Leaves 846 + 42 1166 1248
COL1917.1.1° PHUSRE03 Phusre 28.183 83.951 740 Charcoal 944 + 46 935 1177
COL2150.1.17  SARA1-1 Saraudi 28.096 84.029 541 Wood 746 + 37 1187 1268
COL2151.1.2¢ MADHI2 Magdi 28.015 84.117 495 Charcoal 985 + 36 926 1170
COL2151.1.1° PH6 Phusre 28..175 83.976 703 Wood 880 + 36 1159 1233
Poz-69082° Phusre010 Phusre 28.175 83.982 705.59 Jood 875 + 30 1160 1225
Poz-69083> Phusre012 Phusre 28.175 83.982 697.81 Leaves 810 £ 30 1180 1256
Poz-69084° Phusre013 Phusre 28.175 83.982 696.06 Wood 845 + 30 1166 1244
Poz-69085° Phusrel4 Phusre 28.175 83.982 700.5 Charcoal 825 + 30 1164 1255
Poz-69086° PhusreFa Phusre 28.185 83.958 728 Charcoal 910 £ 30 1160 1250
Poz-69088° PRE 14C 1 Phusre 28.184 83.934 747.9 Charcoal 595 + 30 1255 1463
Poz-69089° GDO03 Gondang 27.958 84.112 479.02 Charcoal 890 + 30 1161 1252
Poz-69090° GDO06 Gondang 27.958 84.112 481.12 Soil 1110 + 30 906 1020
Poz-69092° KBP03 Bijaypur 28.218 84.027 824.99 Wood 695 + 30 1269 1390
Poz-69093° TALO2 Tal 28.117 84.105 583.42 Wood 830 £ 30 1170 1250
Poz-69094° TALO5 Tal 28.117 84.105 614 Wood 930 + 30 1025 1150
Poz-69260° Anpu02 Anpu 28.109 84.116 590.56 Humic Silt 950 + 30 1021 1149
This Study
Poz-75093° GDO1 Gondang 27.958 84.112 479.03 Soil 800 + 30 1181 1260
Poz-75094> KBP02 Bijaypur 28.218 84.027 824.99 Humic Silt 870 £ 30 1160 1230
Poz-75095° Phusrell Phusre 28.175 83.982 697.84 Wood 860 + 30 1163 1236
Poz-75098" TalO1l Tal 28.117 84.105 584.84 Humic Silt 820 £+ 30 1174 1253
Poz-75100° 14C Anpull Anpu 28.108 84.114 590.3 Charcoal 930 + 30 938 1176
Poz-75101° 14C Anpu01 Anpu 28.111 84.105 556 Leaves 860 + 30 1163 1236
Poz-75102° 14C Anpul6 Anpu 28.11 84.12 591.8 Charcoal 830 £+ 30 1163 1255
Poz-75104> BIJ 03 Bijaypur 28.219 84.029 820 Humic Silt 680 + 30 1275 1390
Poz-75171° Ph6u_14C Phusre Wood 905 £ 30 1157 1221
Poz-75103° EBGcc01 Anpu 28.111 84.12 608.5 Charcoal 1310 + 30 491 912

2 Radiocarbon ages processed in the CologneAMS, University of Cologne - Center for Accelerator Mass Spectronometry, Germany
b Radiocarbon ages processed in the Radiocarbon Laboratory Poznan, Poland.

whereas a rounded 3000-ton HHC boulder, called Bhim Kali, on top of the Pokhara fan
sets a minimum age at 1686 £ 45 AD (+20), estimated from cosmogenic °Be surface-
exposure dating (Schwanghart et al., 2016), Fig. 3.3A). The #C dates allow discerning two
sediment pulses at around 1100 and 1255 AD with a time gap of >100 years at one outcrop
in Anpu Khola (Fig. 3.7). The sharp contact between these two pulses is a conglomerate
(belonging to the older pulse) capped by fluvial silts and sands that we attribute to the
1255 AD earthquake (green contact between debris-flow and sand layers, Fig. 3.7); we
identified this sequence of sediment layers in various outcrops. Plotting all recalibrated
14C ages and their sampling locations (Fig.3.8), we obtain a spatial stratification of dates
along the Seti Khola, consistent with three major pulses coincident with the times of

known large medieval earthquakes (Fig. 3.9). The relative stratigraphy of these dates, our
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Figure 3.8.: Approximate extent of sediment pulses. Estimated extent of cata-
strophic aggradation inferred from lithofacies and calibrated *C data (Fig. 3.9, Tab 3.3)
coincident with the timing of major nearby earthquakes. Note how younger earthquake-
related sediment pulses reach less far down the Seti Khola valley.

sedimentary logs, and geochemical provenance allow estimating to first order the volume
of each pulse, simplistically using an average deposit thickness. The sediments that we
attribute to the ~1100 AD earthquake are 15-25 m thick, and cover an area of ~130 km?
(Figs. 3.8-3.10A); this aggradation phase dumped between 1.9 and 3.3 km3 of sediment.
The second pulse around the time of the 1255 AD earthquake was the most extensive,
depositing HHC materials >60 km downstream from their source, burying an area of ~148
km? with 2.9-3.7 km? of sediment (Figs. 3.8 and 3.9). Another sediment pulse at around
1344 AD laid down 0.3-0.5 km? of debris-flow and fluvial gravels on the northern fan over
~50 km?. Lithofacies F4 is 6 m thick on average, has an estimated volume of ~1 km3,

and represents the youngest, though undated, debris flow of the Pokhara Formation. We
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surmise that F4 is either part of the last sediment pulse or that it forms an individual
younger unit with a minimum age set by the Bhim Kali boulder at ~1686 AD (Schwanghart
et al., 2016).

3.6. Discussion

3.6.1. A new depositional model of the Pokhara Formation

Combining our results from lithofacies analysis, the spatial pattern of *C dates, sediment
provenance, dGPS and laser-scanning surveys, we propose a new depositional model for
the Pokhara Formation, and revise earlier models of the most recent geological history
of this densely inhabited stretch along the MCT (Figs. 3.7 and 3.10). In summary, the
key diagnostic of lithofacies F1 to F3 is their consistent lateral fining across the fan axis
toward its margins and into the lower reaches of tributaries except for several clusters of
large boulders at tributary mouths (Fig. 3.4). Lithofacies F1 has thick sequences of fining-
upward conglomerates, while sandy to muddy units appear in F2, where they alternate

with conglomerates.

F3 is mostly massive layers of fine sands, silts, and muds, and the only lithofacies in
which we found ripples and flame structures indicating flow upstream into the trunk valley
(Fig. 3.5), local backflow against bedrock obstacles, and eddying at tributary mouths.
Lithofacies F4 features thick cohesive debris-flow deposits capping all other lithofacies
(Fig. 3.3). Our dGPS measurements confirm that sand and conglomerate layers (lithofacies
F2, F3) extend continuously from the Seti Khola valley upstream into tributaries for
nearly 8 km (Fig. 3.7). The upstream dip, lateral continuity, and provenance of these
sediments do not support the long-lived hypothesis that HHC sediments impound and
interfinger with lake sediments derived locally from LHS bedrock (Hagen, 1969; Hormann,
1974; Yamanaka et al., 1982; Fort, 1987; Koirala et al., 1998) or sustained input from the
dammed tributaries (Fort, 1987) (Fig. 3.10). Instead, our results jointly point at rapidly
settled slackwater deposits that plugged the mouths and lower reaches of tributaries with
HHC debris. These slackwater deposits superficially resemble lake sediments, but lack the
high organic carbon content of lacustrine deposits in existing lakes in the Pokhara Valley
(Ross and Gilbert, 1999), while being dominantly, if not exclusively, of HHC provenance
(Fig. 3.6). Several lakes that appear ponded by the Pokhara Formation could have existed
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Figure 3.9.: Densities of calibrated radiocarbon ages. Calendar dates of calibrated
14C ages support the notion of several catastrophic sediment pulses with differing extent
from the head of the Pokhara fan. Gray shades are posterior probability density functions
of calibrated *C ages. The sediment pulse at around 1344 AD merely covered the upper
part of the fan and its tributaries just including today’s Pokhara city, whereas the pulse
around 1255 AD reached farthest downstream.

before. A >20-m deep, subaqueous channel at the bottom of Phewa Lake, for example, has
incised into the Ghachok Formation and requires that the lake must have been dammed by
these older sediments before. An increased carbonate content at ~0.7 m below the floor of
Phewa Lake documents a phase of massive allochthonous input into an existing lake. This
sedimentary layer has previously been attributed to construction works in Pokhara (Ross
and Gilbert, 1999), but is geochemically strikingly similar to HHC material. Overall,
the lithofacies of the Pokhara Formation share many diagnostics of megaflood deposits
described by Carling (2013) and Baker (1987): the capping debris-flow facies (F4) thickens
downstream (Fig. 3.3), whereas lithofacies F2 and F3 have characteristics consistent with
back-flooding flows upon entering tributary mouths, ramping slackwater deposits up to
8 km against the valley gradient. Other conspicuous features such as large cross-beds
dipping into tributaries or rhythmically bedded gravels (Carling, 2013) remain elusive
in the Pokhara Formation, though rare cross beds and current structures (Fig. 3.5) and

locally indistinguishable *C dates point to rapid valley filling with sediment up to tens
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of meters thick (Figs. 3.8 and 3.9). In some sections (e.g. Anpu or Saraudi Khola), the
uppermost bed of the ~1100 AD sediment pulse consists of a debris-flow deposit, whereas

the lowermost bed that we connect to the 1255 AD pulse has mostly medium sands and

silts.
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Figure 3.10.: Comparison of two hypotheses of how the Pokhara Fan formed.
Revised (A) versus previous (B) depositional model for the Pokhara Formation. A)
This study model is based on relative stratigraphy, dGPS surveys (Fig. 3.7), and prove-
nance analyses (Fig. 3.6). In our new model, the sediments of the Pokhara Formation
entered the lower reaches of tributaries, leaving thick and extensive beds of HHC-derived
slackwater sediments that were previously interpreted as lake sediments. All lithofacies
that we identified in the Pokhara Formation have their source in the Annapurna mas-
sif (HHC). B) The former model suggested that the Pokhara Formation interfingered
with lacustrine sediments (Fort, 1987). C) Downstream trends of the length of tributary
channels invaded by the Pokhara Formation, and the width of the Pokhara fan along the
Seti Khola. The wider the fan, the less HHC sediments invaded tributaries, except at
bedrock constrictions near Anpu, Pudi and Saraudi Khola (Fig. 3.1).

Our XRF data also reveal previously unreported breaks in the deposition of the Pokhara
Formation, supporting the idea of individual sediment pulses, and possibly explaining why

sand layers and local debris-flow deposits of LHS provenance alternate with slackwater
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deposits of HHC provenance (Fig. 3.6). The spatial and temporal clustering of our *C
dates in Anpu Khola highlights at least two major phases of sedimentation at around 1100
and 1255 AD (Figs. 3.1 and 3.7). Elsewhere, however, our extended **C chronology shows
that younger silts and muds that had infilled former channels are below stratigraphically
older ones (Fig. 3.7). This re-filling of channels could have occurred between individual
sediment pulses: at Anpu and Phusre Khola channels migrated and backfilled between
the first and second pulse, whereas at Bijaypur Khola it happened between the second
and third pulses. Our *C dates of slackwater deposits (F3) onlap onto the conglomerates
(F2 and F3) and likewise record rapid infilling of a former channel network. Hence,
tributaries must have incised between the sediment pulses to form canyons with cut-and-
fill terraces into F2 deposits, which slackwater deposits (F3) then backfilled during the next
sedimentation pulse. Erosional contacts and channel fills are common on the upper fan,
confirming that channels avulsed frequently. The spatial pattern of *#C dates across the
fan and the XRF data are key to distinguishing the individual sediment pulses, as these
are not evident from their sedimentology alone. We did not find any buried soils that
could have formed during the depositional gaps. Intervals of 100-150 years between major
earthquake-triggered sediment pulses may have been too short to allow recognizably thick
soils to form, especially on fresh, coarse-grained alluvial-fan surfaces prone to continuous
reworking by shifting channels and heavy seasonal rainfall. Detached organic material
from nearby hillslopes would also be hardly sufficient to cover the whole fan surface to aid

soil formation (Fig. 3.1).

3.6.2. Catastrophic valley fills and medieval Himalayan earthquakes

The geomorphic legacy of multiple earthquake-driven sedimentation pulses at Pokhara
appears rare, if not unique, in the Himalayas in that long-runout debris flows from a High
Himalayan source coevally invaded and plugged several tributaries in the Lesser Himalayas
several tens of kilometers downstream. Valley fills of similar size and history are yet to be
found in the Himalayas, let alone potential landslide deposits that could deliver sufficient
volumes of sediment. Studies of earthquake-triggered slope failures (Keefer, 2002; Kargel
et al., 2016) report several spatial patterns of landslides, local seismic ground motion and
distance from the fault rupture. Such detailed characteristics remain obscure for large
medieval earthquakes and complicate the search for suitable paleoseismological proxies.

Neighboring valleys from Pokhara such as the Kali Gandaki, Madi Khola, Modi Khola
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or Marsyandi Khola do feature debris terraces several tens of meters thick (Yamanaka
et al., 1982; Fort, 2000; Pratt-Sitaula et al., 2004), but nowhere do these form any major
intermontane fan comparable to that around Pokhara. Yet #C dates from debris-flow
deposits in the Modi Khola west of Pokhara are similarly young (recalibrated to 777-
1242 AD) and might be coeval with the first sediment pulse of the Pokhara Formation
(Yamanaka et al., 1982). Similar deposits in Madi Khola, east of Pokhara, formed between
3176 and 2513 cal yr BP (Yamanaka et al., 1982). However, most dated valley fills around
the Annapurna Massif are much older, such as debris terraces of a massive landslide deposit
from the HHC dated to 5300-4420 cal yr BP (recalibrated 95% HDI) in the Marsyandi
River (Yamanaka et al., 1982); the higher fill terraces are of HHC-derived angular matrix-
supported conglomerates, and subrounded, partially clast-supported conglomerates are
Pleistocene in age (Pratt-Sitaula et al., 2004). Whether these valley fills are connected
to large earthquakes remains to be tested, although the massive beds and fine grained
material indicating rapid sedimentation followed by fluvial reworking (Pratt-Sitaula et al.,

2004) suggest sediment phases similar to those in the Pokhara basin.

In any case, our *C chronology of the Pokhara Formation allows us to independently test
and augment paleoseismologic data from trenches and offset landforms. Historic docu-
ments mention a cluster of damaging earthquakes between 1255 and 1344 AD (Rajendran
et al., 2015), but the epicenters, rupture lengths, and affected shaking areas of these large
medieval earthquakes remain disputed (Fig. 3.11) (Mugnier et al., 2013; Bollinger et al.,
2016). Our radiocarbon dates of the Pokhara Formation might help to refine areas of sig-
nificant ground motion, if not rupture lengths, for great Himalayan earthquakes in ~1100,
1255, and 1344 AD, assuming that strong ground shaking was necessary to trigger either
massive rock-slope failure or natural dam bursts in Sabche Cirque to release long-runout
debris flows into the Pokhara basin (Schwanghart et al., 2016). The timing of fault rup-
tures inferred from offset fluvial beds and colluvial wedges in trenches and outcrops (Sir
Khola, Fig. 3.11) (Rajendran et al., 2015)closely correlates with the timing of the first two
sediment pulses that we dated in the Pokhara Valley. The notion of a great earthquake in
~1100 AD has so far only been grounded on data from several trenches east of Kathmandu
(Lavé et al., 2005), so that this postulated rupture could be have been mistaken instead
with the 1255 AD earthquake (Rajendran et al., 2015); the broad range of recalibrated
radiocarbon dates of 700-1270 AD complicates this issue (Lavé et al., 2005; Sapkota et al.,
2013; Bollinger et al., 2014; Rajendran et al., 2015). The 1255 AD earthquake is historic
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Figure 3.11.: Summary and review of surface displacements along the Hi-
malayan front. Surface displacements of four historic earthquakes (1100, 1255, 1344,
and 1505 AD) inferred from fault trenches along the Himalayan front, Nepal. Horizontal
scale is the distance along the Himalayan arc. Horizontal bars are estimated rupture
lengths; vertical gray bar delimits Pokhara basin. Dated earthquakes in more nearby
trenches would have affected the Pokhara Valley more strongly. Adapted from (Mugnier
et al., 2013; Bollinger et al., 2014; Mishra et al., 2016).

and may have ruptured the surface in central and western Nepal, possibly forming seis-
mites in Kumaon, India (Fig. 3.11) (Mugnier et al., 2013). Apart from local dewatering
structures and load casts we did not find any traces of seismites in the Pokhara Formation.
Finally, the 1344 AD earthquake is recorded in trenches in Kathmandu and may have rup-
tured the surface as far away as Kumaon as well (~500 km), with an estimated magnitude
of >8.6 (Mugnier et al., 2013). According to our results, this earthquake deposited the
smallest volume of sediment in the Pokhara basin. We caution against correlating the
inferred volumes of the medieval sediment pulses with local shaking intensities, and re-

commend more detailed slope stability and dam-break studies to pin down the mechanistic
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plausibility of large rockslides or outburst floods as the sources of the Pokhara Formation.

3.7. Conclusion

Detailed sedimentary logs, new 1#C ages, and X-ray fluorescence spectrometry support the
hypothesis of at least three earthquake related sediment pulses originating in the Higher
Himalayan Annapurna massif, leading to massive and widespread sedimentation up to
70 km downstream (Schwanghart et al., 2016). Our sedimentological work is the first
systematic enquiry of its kind into the Pokhara Formation, and highlights four different
lithofacies that connect to massive aggradation pulses affecting large parts of the Pokhara
fan. Radiocarbon dates from widely scattered locations cluster conspicuously to a short
medieval period and establish that these pulses are largely coincident with the documented
dates of three great Himalayan earthquakes. The Pokhara region has seen several cata-
strophic disturbances in its recent geological past, resulting in the largest, youngest, and
most extensively dated sedimentary record of earthquake-triggered valley infill found in
the Himalayas so far. We add new insights into the Pokhara Formation and its relation to
former large earthquakes by constraining the spatial and temporal relationship of 37 14C
ages (Table 3.3) that corroborate previous hypotheses of rapid sedimentation and their
connection to three historic strong earthquakes. Our *C dates demonstrate the use of
valley fills to constrain and complement the catalogue of past Himalayan earthquakes.
The four distinct lithofacies offer key diagnostics of this catastrophic sedimentation, fining
from the fan axis toward the Seti Khola’s tributary mouths and sandy to silty slackwater
deposits in their lower reaches. New XRF and geochemical data highlight layers of local
LHS-derived material indicating that HHC sediment invaded the tributaries in several
turns. The radiocarbon dates of the first sediment pulse offer independently support
paleoseismological data for a great earthquake in 1100 AD, which has so far been inferred
exclusively from fault trenches. The 1255 AD earthquake likely triggered the largest
sediment pulse reaching the southern tip of the Pokhara Formation. Deposits of compara-
ble size and history are yet to be found in the Himalayan region, or active mountain belts

elsewhere.
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4.1. Abstract

Mountain rivers respond to strong earthquakes by rapidly aggrading to accommodate
excess sediment delivered by co-seismic landslides. Detailed sediment budgets indicate that
rivers need several years to decades to recover from seismic disturbances, depending on how
recovery is defined. We examine three principal criteria or proxies of river recovery around
Pokhara, Nepal’s second largest city. We use a freshly exhumed cohort of floodplain trees in
growth position as a marker of rapid sedimentation that formed a fan covering 150 km? in
a Lesser Himalayan basin with tens of metres of debris. Radiocarbon dates of buried trees
are consistent with those of nearby valley deposits linked to major medieval earthquakes,
such that we can estimate average rates of sedimentation and re-incision since. We combine
high-resolution digital elevation data, geodetic field surveys, aerial photos, and dated tree
trunks to reconstruct geomorphic marker surfaces. The volumes of sediment relative to
these surfaces require average net sediment yields of up to 4200 t km? yr! for the 650 years
since the last inferred earthquake. The lithological composition of channel-bed load differs
from that of local bedrock, confirming that rivers are still mostly evacuating medieval
valley fills, locally incising at rates of up to 0.2 m yr'. Pronounced knickpoints and
epigenetic gorges at tributary junctions further illustrate the protracted fluvial response;

only the distal portions of the earthquake-derived sediment wedges have been cut to near
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their base. Our results challenge the notion that mountain rivers recover speedily from
earthquakes within years to decades. The valley fills around Pokhara show that even highly
erosive and dynamic Himalayan rivers may need more than several centuries to adjust to
catastrophic perturbations. Our results motivate some rethinking of post-seismic hazard

appraisals and infrastructural planning in active mountain regions.

Keywords: Fluvial recovery, sediment yield, earthquakes, Nepal, Himalaya

4.2. Introduction

Understanding how mountain rivers and landscapes respond to earthquakes is indis-
pensable for managing water and sediment fluxes, planning mitigation and remediation
measures, and safeguarding the livelihoods of people. Earthquakes can mobilize large
volumes of landslide debris that enters and disturbs mountain rivers (Keefer, 1994). How
long this excess sediment lingers in the landscape remains debated (Blothe and Korup,
2013). A growing number of detailed sediment budgets suggest variable residence times
of earthquake-produced debris in rivers, ranging from a few years (Pain and Bowler, 1973;
Lin et al., 2008b; Hovius et al., 2011) to several decades (Koi et al., 2008; Howarth et al.,
2012; Bolla Pittaluga et al., 2014; Uchida et al., 2014). Sediment yields can be as high
>10° t km™2 yr~! in the first years following seismic disturbance (Pain and Bowler, 1973;
Korup, 2012; Marc et al., 2016), forcing channels to aggrade by tens of metres in places
(Chen, 2009). Suspended sediment yields after the 1999 Chi-Chi earthquake, Taiwan,
were roughly four times higher than before the earthquake, but fell back to this former
level after about six years (Yanites et al., 2010). Similarly, rivers impacted by landslides
from the 1970 M,, 7.0 Madang earthquake, Papua New Guinea, flushed out most of the
excess debris within a few years (Pain and Bowler, 1973). In contrast, 80% of coseismic
landslide debris from the 2004 M,, 6.8 Mid-Niigata earthquake, Japan, still remained in
a catchment after several years despite high yields of ~4 x 10% t km~2 yr=! (Matsuoka
et al., 2008). And similarly, contemporary sediment yields remain elevated in many small

mountain rivers as a consequence of the 1923 Kanto earthquake (Koi et al., 2008).

Clearly, mitigating such river dynamics requires that we objectively detect and measure
fluvial response and recovery. Common metrics include changes and adjustments, in
channel geometry, such as planform and bed-elevation (Simon, 1992; Chen, 2009), and

changes in suspended sediment loads (Lin et al., 2008b,a). Several studies have charac-
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Figure 4.1.: Overview map of the Pokhara Valley and the Lesser Himalaya of
central Nepal drained by the Seti Khola. Inset shows geomorphic setting and the sample
sites in the Anpu Khola tributary.

terised fluvial response in terms of changing bed load (sediment slugs; e.g. Dunne and
Aalto (2013)), changing sediment budgets (Huang and Montgomery, 2012), migrating
and disappearing knickpoints (Liu and Yang, 2015; Olen et al., 2015), cosmogenic nuclide
abundance in river sediments (West et al., 2014; Wang et al., 2017), and with numerical

models (Croissant et al., 2017). Compound measures such as river sensitivity use the ratio
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of recurrence interval to relaxation or recovery time (Brundsen and Thornes, 1979; Downs
and Gregory, 2004; Fryirs, 2017). All these metrics require a known reference state before
the earthquake, say channel geometry or sediment load. Recovery then expresses the time
needed to regain, at least within an arbitrarily specified range, this presumably undis-
turbed reference state. Whether a given choice of multiple metrics of river response or
recovery is consistent remains debatable; for example, sediment loads may have recovered,

whereas channel geometry may have not.

Here, we wish to shed more light on this issue. Our aim is to investigate several criteria
or proxies of river recovery from catastrophic sediment pulses triggered by large medieval
earthquakes in the Nepal Himalaya. Specifically, we use the age, elevation, and locations
of a cohort of dead trees encased in valley-fill deposits, offering dateable markers of fluvial
aggradation. We also estimate fluvial recovery using sediment provenance, sediment yields
from volumetric calculations, and river longitudinal profiles derived from high resolution
digital elevation models (DEMs) (Figs. 4.1, 4.2). Finally, we reflect upon whether and

how consistently these different criteria represent fluvial recovery.

4.3. Study Area

The Nepal Himalayas formed by active collision of the Indian and Eurasian tectonic plates
from about 50 Ma (Hodges et al., 1996), and maintains high rock uplift rates (Grandin
et al., 2012) combined with strong earthquakes (Hasegawa et al., 2009) and rapid erosion
(Burbank et al., 2003; Parsons et al., 2015), particularly in our study area of the Pokhara
Valley, south of the Annapurna Massif (Fig.4.1). These high peaks comprise the Tethyan
Sedimentary Series (T'SS) dominated by marine calcareous meta-sediments and limestones
(Pécher, 1991) and the High Himalayan Crystalline Sequence (HHC) (Colchen et al., 1981;
Pécher, 1991; Martin et al., 2005) - here we refer to these two groups as High Himalayan
(HH). The Annapurna Massif is drained by the Seti Khola ("Khola" = river in Nepali)
with a catchment area of ~1400 km?. The river descends from Sabche Cirque in the High
Himalayas and traverses the Main Central Thrust (MCT) to the Pokhara Valley in the

Lesser Himalaya (Martin et al., 2005; Fort, 2010). Estimated denudation rates in the High

1 1

Himalayan zone are between 2.0 and 2.7 mm yr~*, and 0.1 to 0.8 mm yr~" in the Lesser

Himalaya (Robert et al., 2009; Godard et al., 2014). Cosmogenic nuclide abundance and
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Figure 4.2.: Field photographs illustrating the proxies of river recovery used
in this study. a) Exhumed tree trunks in growth position. Calibrated *C dates from
1188 to 1265 cal AD (95% highest density intervals, HDI), indicate that this tree cohort
was killed by rapid aggradation within a few years to decades. b) Clast counts on active
channel bars, Anpu Khola. c) Historic channel changes along Phusre Khola. We used
newly the formed terrace level between 1967 and 2014 to calculate incision rates (~0.16 m
yr!) over the past 50 years. d) Terraces along the Seti Khola at Ramghat, Pokhara city;
note active river mining. e) Rip-rap for erosion control and undercutting prevention,
Phusre Khola. f) Gorge incising older, indurated valley fill (Ghachok Formation) along
the Seti Khola downstream of the tributary confluence forming pronounced knickpoints,
Saraudi Khola.

suspended sediment yields in major rivers leaving the mountain range indicate basin-wide

erosion rates of 1-2 mm yr~—! (Lupker et al., 2012; Andermann et al., 2012).

Pokhara Valley features some of the steepest topographic relief in the Himalayas (Fig. 4.1).
The headwaters of the Seti Khola rise ~7 km over ~20 km of horizontal distance to the
Annapurna peaks, though much of the tributary network drains the Lesser Himalaya,
bound to the south by the Main Boundary Thrust (Parsons et al., 2015). South of
the MCT, the Pokhara Valley hosts extensive fan sediments of the Pokhara Formation
(Yamanaka, 1982; Fort, 1987), estimated at a volume of 5-7 km® and covering ~150 km?
over a distance of 70 km at elevations from 400 to 1350 m asl. This fan sustains much of
Pokhara, Nepal’s second largest city (Fig. 4.1). North of the valley, the Pokhara Formation

lies inset within the Ghachok Formation, an older indurated valley fill, whereas from
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Pokhara city southward, the Pokhara Formation onlaps the Ghachok Formation. The
dissected fan surface comprises gravelly cut-and-fill terraces interrupted by short, narrow
and steep bedrock gorges. A radiocarbon chronology of 47 samples documents rapid
sedimentation following three medieval earthquakes dated to ~1100, 1255 and 1344 AD
(Schwanghart et al., 2016; Stolle et al., 2017). Lakes stand at several tributary margins
along the Pokhara fan (Fig. 4.1) damming by these sediment pulses and possibly older

events (Yamanaka et al., 1982).

4.4. Methods

We sampled eight tree trunks from cohorts exposed by active channel erosion along the
Phusre and Anpu Khola (Fig. 4.1 and 4.2a), small tributaries of the Seti Khola at the
fringes of the Pokhara fan. All trees were encased in gravelly valley-fill sediments in growth
position at different elevations. We sampled the outermost layer of the trees to ensure that
we obtained the youngest material for 1#C dating. In total, we identified at least a dozen
trees sticking out of floodplain deposits and channel banks. We calibrated the radiocarbon
ages of the tree trunks using a Bayesian approach in the OxCal 4.2 software with the
IntCall3 (Reimer, 2013) calibration curve. We encoded the stratigraphic relationship of
the trees in a prior distribution, thus eliminating from the posterior age distributions
the effects of plateaus in the radiocarbon calibration curve. We also tested other prior
distributions assuming different phases of aggradation, but found only slight differences
in the resulting posterior age distributions (Schwanghart et al., 2016). Without detailed
data on the local sedimentation rates, we used a uniform-one-phase model as the simplest

approach (Stolle et al., 2017).

To establish independent denudation rates from the Lesser Himalayan terrain draining
the Seti Khola, we collected samples of quartz-rich channel bed-load from five tributary
catchments for in situ-cosmogenic nuclide analysis. We sampled upstream of the Pokhara
fan margins to exclude actively eroding valley fill, and to minimize the effects of human
disturbance (Fig. 4.1). We detail the processing and measurement of these samples in the
supplemental information. Our set of basin-wide denudation rates is augmented by those

from previous work (Godard et al., 2014; Kim et al., 2017).

Our first criterion of fluvial response is the modern bedload fraction derived from reworked

valley fill versus local, Lesser Himalayan sources. To this end, we surveyed bed material
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in the active channels cut into the Pokhara Formation (Fig. 4.2b) following Brierley and
Hickin (1985), a modified version of Wolman (1954) method. Along each of the Anpu,
Phusre, and Saraudi Khola we identified mid-channel bars and recorded the intermediate
axis and lithology of 100 clasts >8 mm at 0.5 m intervals. We ascribed the lithologies
to either Higher Himalayan (HH) or LHS provenance according to the geological map
of the Pokhara Valley (Koirala et al., 1998) and our own provenance analyses based on
X-ray fluorescence spectrometry, which distinguishes the HH signature in the Pokhara
Formation from the local LHS sources (Schwanghart et al., 2016; Stolle et al., 2017).
The proportions of upstream catchment area underlain by these major lithologies should
roughly indicate their commensurate mixture in channel-bed sediments under transport-
limited and equilibrated conditions. We cannot exclude the influence of different transport
distances on clast comminution, though the short tributary lengths and similar grain size
distributions imply a negligible effect. A two-sample Kolmogorov-Smirnov test rejects the
hypothesis that the two lithologies have significantly (p = 0.05) different distributions at
each site. We propose that the mixing ratio M, expresses the mean relative deviation from

a well-mixed sediment distribution:

Mr=(fri:o ca(ra)dra — 0.5) /0.5x100%

where c4 is the proportion of non-local clasts, and ra is the fraction of upstream area
underlain by these non-local deposits. Here, M, is 100% for a channel filled with non-
local clasts immediately following their emplacement, and lower as locally derived bedload
contributes. Negative values of M, indicate that the fraction of non-local bed load clasts

is smaller than their source area divided by the catchment area upstream (Fig. 4.3a).

We mapped channel changes in the Phusre Khola over the past decades, using 4-m reso-
lution Corona aerial imagery from 1967, 15-m resolution LANDSAT imagery from 2013,
and 2.5-m ALOS images from 2010. We identified historic cut-and-fill terraces (Fig. 4.2c)
that we surveyed with dGPS in the field to constrain channel incision rates averaged over
the past years to decades. We used three different DEMs to reconstruct former aggradation
surfaces in the Pokhara Valley and to estimate the volume of material excavated by rivers
as a function of DEM resolution. We chose the 5-m ALOS 3D enhanced DEM (AW3D), the
12.5-m Tandem-X DEM, and a 15-m DEM derived from topographic map contours. The
fan surface is locally cut by gorges >45 m deep and 5-15 m wide that are poorly captured

by the DEMs. We thus hydrologically corrected the data with TopoToolbox software
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Figure 4.3.: Three approaches to quantify fluvial response and recovery
according to a) clast surveys of modern bed load composition, b) longitudinal profiles,
and c¢) volumetric estimates of sediment export since the catastrophic emplacement of
Pokhara Formation (HH = Higher Himalayan) gravels in medieval times.

(Schwanghart and Scherler, 2014) and carved one-pixel wide channels. Most gorges are
>5 m, judging from field and dGPS data, so that we defined the minimal carved stream
widths to 15 m in the AW3D DEM.

The second criterion of river recovery from catastrophic disturbance concerns the volumes
of sediment exported. We mapped the highest terrace levels and fan-surface elevations
manually (1:10.000 scale) from a 2.5-m ALOS panchromatic image combined with maps
of local slope and hillshade derived from the AW3D DEM (estimated standard error of
15 m). We then masked the contemporary network of gorges in the DEM with an edge
detection algorithm to identify maximum variations in pixel intensities at the edges of
the mask (Press, 2010; Hoeltgen et al., 2013). We assumed that all gorges post-dated
the deposition of the Pokhara Formation. We used a Laplace interpolator to smoothly
reconstruct the former aggradation surfaces for each dataset (DEM) using MATLAB’s
function regionfill (Mathworks, 2017). By subtracting the present topography from
the reconstructed former, we estimated the amount of local incision and sediment volumes
eroded by the river network (Fig. 4.3c). We computed sediment yields assuming bulk
densities of 1.6-2.0 t m~3 (Phusre Khola, Fig. 4.1), and three age scenarios based on the

published radiocarbon chronology (Stolle et al., 2017).

Our third criterion of river recovery is the adjustment of channel longitudinal profiles in
the river network to their lower concave envelope. Rivers slicing through the Pokhara
Formation contain several knickpoints and low-gradient sections (Fig. 4.3b), and we cal-
culated their lower concave envelopes similar to a convex hull (Jarvis, 1973). The resulting

geometry is similar to the lowermost shape enclosed by rubber bands stretched from the

62



4. Protracted fluvial recovery from medieval earthquakes

basin outlet to each channel head of the river network. Based on this lower concave en-
velope of channel-bed elevations z., we estimated recovery as the ratio Z, between the
average vertical offsets between the actual river bed z and z. and the average vertical

offset between the aggraded surface z, and z.:
Z, = Z=Zhx100%

We also mapped river knickpoints by fitting strictly concave upward profiles to the raw
data. We then incrementally relaxed the concavity constraint where offsets between the
raw and the concave profile were highest, thus dividing the profile into strictly concave
sections punctuated by convex knickpoints. Recording the locations of the knickpoints,
we recursively repeated this procedure until offsets were <20 m. We chose this arbi-
trary value to extract only major convexities in the longitudinal profile and to account
for uncertainties of elevation errors in the data. This procedure is implemented in the
function knickpointfinder in TopoToolbox (Schwanghart and Scherler, 2014). We used
the knickpoints to calculate their x-values m/n ratios ranging from 0.2 to 0.9 (Perron and
Royden, 2013; Willet et al., 2014). This allows us to test whether the knickpoints have
propagated upstream along the river network from a common origin. If so, knickpoints

would cluster at one horizontal position in y-space (Perron and Royden, 2013).
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Figure 4.4.: Chronology of *C tree ages (posterior probability distributions) along
the Anpu Khola, with all calibrated radiocarbon dates in the Pokhara Valley; blue and
orange density curves refer to new tree samples in Anpu and Phusre Khola, respectively.
Gray shaded densities are from Stolle et al. (2017). Our **C age is consistent with previ-
ous interpretations of multiple sediment pulses that filled the Pokhara Valley in the early
13" century. Dashed lines indicate the timing of known medieval strong earthquakes.
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4.5. Results

The radiocarbon results from eight dead trees in growth position in Phusre and Anpu
Khola show that the trees died synchronously in the early 13" century, but no later than
~1260 AD (Fig. 4.4, Table 4.1). The trees in our dataset located at lower elevations
may have been killed slightly earlier than higher ones, but the error margins are close to
the resolution of the method. The trees stand up to 18 km apart at the margin of the
Pokhara fan and were all buried by up to 20-m in Pokhara Formation gravels. Clast-
provenance work shows that this gravel comes mainly from the meta-limestones of the
High Himalayan, with negligible local contributions (Fig. 4.5). Like all other tributaries
of the Seti Khola around Pokhara, both the Phusre and Anpu Khola have incised up
to 70 m into the Pokhara Formation, forming pronounced flights of terraces, and locally
exposing trees in growth position (Fig. 4.2a). Many of the terraces episodically collapse
in response to river undercutting (Fig. 4.2d). Extensive channel bars and local braiding
channel planforms indicate that the river system is transport-limited with respect to the
valley fill. This fill buffers most of the local hillslope debris (Fig. 4.2b) from the channels so

that Higher Himalayan material makes up >80% of the contemporary bed load (Fig. 4.5).

Table 4.1.: Radiocarbon ages of formerly buried and re-exhumed tree trunks in Phusre
and Anpu Khola

Lab.No Sample ID  Location Lat Long  Elevation Radiocarbon age 95% HDI [AD]

[AIN]  [AFE]  asl [m] [BP] From To
Poz-87756 PhTreel Phusre 28.183 83.953 725 810 £ 30 1190 1275
Poz-87757 PhTree2 Phusre 28.183 83.953 725 735 + 30 1275 1290
Poz-87758 AnpuTrib  Anpu 28.118 84.105 587 835 + 30 1190 1260
Poz-87759 AnpuTreel Anpu 28.111 84.120 601 790 + 30 1208 1265
Poz-87760 AnpuTree2 Anpu 28.110 84.122 608 795 + 30 1206 1265
Poz-87761 AnpuTree3 Anpu 28.111 84.121 591 815 £ 30 1200 1262
Poz-87763 AnpuTree4 Anpu 28.111 84.121 591 845 + 30 1188 1259
Poz-87764 AnpuTree5 Anpu 28.110 84.120 592 820 + 30 1198 1261

Only the upper 12% of active river banks in the Anpu Khola incised into the Pokhara
Formation show dominance of LHS over HH sources (Fig. 4.5). Several tributary catch-
ments are still transporting mainly HH material in their lower, aggraded reaches (Fig.4.6),
with high mixing ratios in the Anpu (72%) and Saraudi Khola (50%). One exception is
the Phusre Khola, which trims the fan toe of the Pokhara Formation, and receives HH
and LHS sediments from its left and right banks, respectively; local sources dominate the

bedload in this tributary.
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Figure 4.5.: Clast survey data along Anpu Khola. a) Black dots show median
grain size for each site and lithology (n = 100 clast counts per site); lithologies are split
into HH or LHS groups; green and orange colours refer to the number of HH and LHS
clasts, respectively. b) Longitudinal profile of Anpu Khola with tree trunk positions
(blue dots); fan surface and terrace level along the active channel is shown in brown;
positions of the clast-count sites with estimated % of lithologies are given as in a).

We estimate from historical air photos and dGPS field surveys that average incision was
0.16-0.22 m yr! in the past 50 years (Fig. 4.2c, Phusre Khola), and up to ~0.12 m yr?
since catastrophic aggradation commenced in the early 13" century. Our morphometric
analysis of terraces cut into the Pokhara Formation valley fill indicates that depending on
the DEM, some 1.7 £ 0.2 km3 of sediment was eroded by rivers, fuelling yields of up to
4200 t km? yr! at the fan toe (Table B.1). Based on previous estimates (Stolle et al., 2017)
of a total emplaced volume of 5-7 km3, we infer that 34 4+ 5% of the sediment volume has
been exported since deposition. The corresponding mean volumetric erosion rate over the
entire catchment is 0.1 to 2.2 mm yr! (Fig. 4.2d); when measured at individual tributary
mouths along the Seti Khola, this rate increases downstream from 1.1 to 2.3 mm yr'
(Table B.1). Similarly, the rates for tributary catchment areas also decrease downstream,

though slightly more pronounced (Fig.4.7).

Longitudinal profiles of the Seti Khola and its northern tributaries highlight contrasting
channel-bed elevations consistent with ongoing adjustment to catastrophic trunk-stream
aggradation (Figs. 4.7, 4.8). Knickpoints are prolific close to the Seti confluence and

are tied to steep and narrow bedrock and gorges cut into the older Ghachok Formation
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(Fig. 4.2f). We identified 16 major (Fig. 4.9) and 11 minor knickpoints, mostly clustered
30-50 m above the Seti channel bed (Fig. 4.8b). Knickpoints abound where the Pokhara
fan is widest, and where the volumetric erosion rates increase most sharply downstream.
The fan surface has a characteristic convex cross section (Fig. 4.8a) at this location, and
it narrows further downstream where the Pokhara Formation was more actively ramped
into tributary catchments. The longitudinal profile together with the original fan surface
and a fitted theoretical concave channel profile indicates that the rivers have adjusted by
70% from the catastrophic sediment input (Fig. 4.9). Knickpoints are widely scattered in
x-space so that the river profiles do not adjust to a single base-level change that propagates
upstream. Field observations show that many knickpoints are lithologically controlled

where rivers cut through bedrock or the indurated Ghachok Formation.

4.6. Discussion

What do our data on channel geometry, sediment yields, and clast provenance reveal about
the state of the response of Seti Khola and its tributaries to catastrophic aggradation in
medieval times? The geomorphology of the fan, and especially the many lakes or dried lake
basins at its fringe, allows some further insights into the overall fluvial response. The origin
of the tributary-mouth lakes remains undated, hence firm connection with the medieval
sediment pulses awaits future work. In any case, the existence of these lakes attests to the
protracted fluvial response to extreme depositional events in the recent geological past.

Phewa Lake might have been dammed by HH gravel during the Pleistocene (Fort and
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4. Protracted fluvial recovery from medieval earthquakes

Freytet, 1982; Yamanaka et al., 1982), while two superimposed dams formed between 1100
and 600 BP (Yamanaka et al., 1982). Sediment influx to the lake during the monsoon
season is estimated at up to 21-547 t d~! (Ross and Gilbert, 1999), and cores in the
proximal delta area indicate sedimentation rates of up to 23.5 mm yr—!. The delta front
advances by up to 1 m annually (Ross and Gilbert, 1999). Sedimentation rates of the
smaller and shallower Begnas and Rupa lakes are even higher (Rai, 2000).
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Figure 4.7.: Erosion rates derived by different methods in the Seti Khola
catchment. Erosion rates largely fed by reworking of medieval valley fills (orange);
error bars are in some cases smaller than circles; transparent 1°Be symbols are samples
along the trunk stream and squares are samples upstream of Pokhara fan; all other
samples (circle) are from within the fan. Longitudinal profile of the Seti Khola (black)
and its tributaries (light blue) with volumetric erosion rates calculated for the upstream
area at each confluence (orange) of Seti Khola and for each tributary catchment (yellow).
Cosmogenic °Be derived denudation rates in tributary catchments upstream of the fan
margin (square) and within the fan system (circle); 1°Be denudation rates from this study
are in blue, published values from Godard et al. (2014) and Kim et al. (2017) are in green
and brown, respectively.

Our volumetric rate estimates depend on robust dating of the geomorphic surfaces that
we reconstructed. We do not account for active river mining at many locations in the Seti
Khola; hence, from this perspective, our sediment yield estimates are upper bounds. These
yields rest on calibrated radiocarbon dates and integrate over seven to eight centuries. We
point out that our new radiocarbon ages and their geomorphic setting are consistent with
the recently proposed chronology of medieval catastrophic aggradation in the Pokhara
Valley (Yamanaka, 1982; Fort, 1987; Schwanghart et al., 2016; Stolle et al., 2017) and
pave the way for quantifying the aftermath. The volumetric erosion rates increase down-
stream along the Seti Khola, and reflect the growing contributing catchment area and

possibly water discharge (Fig. 4.7, Table B.1). For this period, the net sediment yields
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4.6. Discussion

are extremely high and comparable to those estimated from single point sources such
as breached rockslide dams (Fig. 4.10). Our results show that the contemporary sedi-
ment yield from the Pokhara area is dominated by reworking of the medieval valley at
rates that nominally outweigh estimates of millennial-scale denudation rates (Vance et al.,
2003; Herman et al., 2010) in surrounding Lesser Himalayan catchments (Godard et al.,
2014). Abundance of cosmogenic °Be in river sands at some 30 locations (Table 4.2);
5 new measurements plus published data of (Godard et al., 2014) and Kim et al. (2017)
in the Seti Khola drainage have integration timescales of 500 to 1750 years. Some of the
scatter in these timescales (Fig. 4.7) might come from river mixing of low 1°Be abundances
from the rapidly eroding High Himalayan and greater 1°Be abundances from local sources.
In any case, the 19Be concentrations reveal that rivers also carry material nominally older

than the Pokhara Formation even in reaches that still cut through it.

Table 4.2.: Catchment-wide denudation rates derived from concentrations of cosmogenic
10Be in river sands.

Sample ID  Location Lat Long  Mean Cat. Shield [Be 9] P Spallo- P fMuonsa P sMuonsa erosion rate Integration
genica
[°N] [°E] Elev. (m) % at g~ ! atg lyr ! atglyr! atglyr! [mmyr ! time scale [y1]

CNP12 6 Mardi 28.316 83.904 2296 0.870  9710+667.03 16.311 0.034 0.077 1.124+0.08 541
CNP12_7 Yangdi  28.282 83.920 1416 0.902  12550+748.43 8.268 0.023 0.053 0.45+0.03 1336
CNP12_8  Bijaypur 28.216 84.034 1368 0.909  67304+566.80  8.309 0.023 0.053 0.85+0.07 714

CNP12 9  Tal 28.167 84.132 929 0.914  263001+1182.46 5.858 0.019 0.043 0.1630.01 3876
CNP12 10 Harpan 28.243 83.889 1400 0.925  18770+938.23 8.476 0.024 0.054 0.3140.02 1949

a P are already corrected for topographic shielding.

The downstream trend in volumetric erosion rates of the Pokhara fan is partly mirrored
in the longitudinal profile of the Seti Khola and its tributaries. The drainage network has
several large knickpoints (Fig. 4.8), although the DEMs fail to resolve several deeply cut
gorges. Channel-bed elevations differ widely along upstream reaches, consistent with the
notion of ongoing adjustment to trunk-stream aggradation (Fig. 4.1, around Pokhara city).
Further downstream, several tributary mouths have knickpoints where they are blocked by
Pokhara gravels (Fig. 4.7). These knickpoints may reflect the faster pace of downcutting
of the Seti Khola compared to its tributaries (Crosby et al., 2007; Goode and Burbank,
2009). In some cases, the knickpoints are epigenetic gorges (Fig. 4.1) cut through older,
indurated valley fills (Fig. 4.2f) or Lesser Himalayan bedrock. Rapid aggradation of the
valley occasionally pushed rivers laterally away from their former courses, making them
to incise into lower bedrock hillslopes (Ouimet et al., 2009). Incision rates at a 42-m

1

high epigenetic gorge in Saraudi Khola might be >60 mm yr~ since emplacement of the

Pokhara gravels. Yet the knickpoints that we identified are randomly distributed with
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4. Protracted fluvial recovery from medieval earthquakes

no clear signs of a common base-level trigger (Fig. 4.9). Either tributaries were unable
to keep pace with the more rapidly incising Seti Khola (Goode and Burbank, 2009), or
knickpoints stall at epigenetic gorges cut in more resistant substrate (Phillips and Lutz,
2008). We infer that knickpoint distributions should be viewed with caution when it comes

to gauging fluvial recovery times.

3
g1a)
€ o
Ho_
- &
«
@© _
[
(@)
Er= 8_
3
o
L _
o
o_
~
L‘O) T T T T T
\—_) %
— 3
E s
[
S 8]
- T
© 7
> A
Q g
()
o 4
> O
=
L 2
Q S| @01
o /f Q|@os |3
=S é/‘ S .o.75‘§,
o T\~ § @ v
-4 -2 0 2 4

Distance from channel bed [km]

Figure 4.8.: Topographic sections showing a) the convex Pokhara fan surface
at 10-m contour equidistance, and b) projected longitudinal profiles of tributaries centred
about the confluence with Seti Khola (view upstream); knickpoints are normalized by
their magnitude, so that larger circles represent more pronounced knickpoints.

Historical air photos and GNSS measurements of selected terrace treads of the Pokhara
Formation in the Phusre Khola, however, emphasise contemporary channel dynamics.
Average incision rates have been up to 0.2 m yr~—! in the past decades (Fig. 4.2c), accom-

panied by active bank erosion so that rivers also shift sideways; gully-head cuts at the toe
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4.6. Discussion

of the Pokhara fan have remained largely stable over the same period, however. During
our fieldwork between 2013 and 2016, we witnessed how flood terraces formed by channels
that locally incised at 0.4 m yr!'. Such high erosion rates may have caused the main Seti
Khola bridge to collapse in 1991 (Shrestha et al., 1992). Erosion by groundwater sapping
along the interface between the Pokhara Formation and underlying bedrock or the less
permeable Ghachok Formation may be a key mechanism for triggering such collapses; the
calcareous Pokhara gravels promote karst in the Kali Khola with subsurface channels, cavi-
ties, sinkholes, and chimneys (Waltham, 1996; Gautam et al., 2000), whereas near Pokhara
city caves and the adjacent Seti gorges are cut into the Ghachok Formation. Indeed, some

degree of river recovery may have occurred underground by shifting groundwater flows.
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Figure 4.9.: Longitudinal profile evolution of the Seti Khola catchment chan-
nel network. Black lines indicate the present day channel profiles; blue shading shows
the thickness of Pokhara Formation gravels, the base of the red shading represents ide-
alised concave channel profiles. The inset shows the river network (blue) with knickpoints
(red squares) scattered in y-space (density curve).

Another strong evidence for ongoing river recovery comes from the sediment provenance.
Our clast counts consistently tie sedimentological and geochemical provenance data to-
gether with our radiocarbon chronology including the new dated tree trunks (Fig. 4.4).
Most of the modern bed load in the lower tributaries derives from the Annapurna Massif
rather than the surrounding Lesser Himalayan sources despite frequent floods and land-
sliding in this monsoon-drenched area. Yet the modern channel bed-load composition
indicates that response to medieval catastrophic aggradation is ongoing (Fig. 4.5). On

the other hand, if fluvial recovery is signified by the degree to which the channel bed has
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4. Protracted fluvial recovery from medieval earthquakes

returned to its pre-disturbance elevation, we would argue that the Phusre and Anpu Khola
are close to full recovery (Figs. 4.1, 4.2), that is, assuming that our dated trees were part

of a continuous floodplain level and did not grow on hillslopes buried by the aggradation.

Summarizing all evidence from the three principal proxies, we infer that the rivers in the
Pokhara Valley are still responding to several medieval earthquake sediment pulses. We
report a wide range (30-70%) of recovery states depending on the proxy used and assuming
that recovery can be approximated by an exponential decay function. Extrapolating these
functions until they reach a level of 10% of remnant recovery yield, recovery times could
lies between 1400-5600 years (Fig. 4.11). Despite the wide range of estimates, our study
is the first to show from multiple proxies that fluvial response to earthquakes can exceed

many centuries and potentially much longer.

Lovovovod vovnnl v ovvnnnl vovvomnl vovvoomd 3 ovovimnl b ovvvml v oveal 3 oiias

1 oRuapehu (2007)

= ] Mobilised il

— 3 Bairaman mass (t) 3
2 1(1985) ""_"-_183 i
T°] @ 10— ?
> % ] L
v+ 300 £ RER R E
E = 7° - 837Q & F
X 2 = Tam Pokhari Grimsvétn S 3
2 3(1998) _ (1998) E
- 23 TR Mountain 3
S . v 9.0 o ) rivers F
= = @ worldwide -
- 3 N E
(=R = 3 o
g 29 S
= 3 ] Y Pokhara [
o o E

5 ‘
[ ﬂO—; . ;—
© — 3 O Landslide dams (n=97) Z
[ ] -
S © < O Otherdams (n=3) -
_ 7 © Earthquakes, cyclones (n= 11 F

o . -

A Post-eruption (n = 36) E

C)D : __

| T !IIIIIII T III|I|i| T lI1||||| T IIII|l|| T ||IIII|| T I|IIIIII T IIIIIIII T !II||I|| IIELRLI
10 10° 107% 10" 10° 10" 10° 10° 10*
Time since initial disturbance (yr)

Figure 4.10.: Global comparison of average sediment yields following local to
landscape-scale disturbances as a function of the time since disturbance; modified after
Korup (2012). Bubble size is scaled to the volume of sediment catastrophically produced
by landslide- and other natural dam failures, earthquake- and tropical cyclone-triggered
landslides, and reworking of pyroclastic fallout. Shaded rectangles are percentiles of
sediment yields reported in several hundred mountain rivers throughout the world; see
Korup (2012) for data sources.

71



4.7. Conclusion

100

Mixing ratio (Anpu)
Mixing ratio (Phusre)
Volumetric erosion
River profile adjustment

90 -

80 [

70

60

50

40 [

Recovery [%]

30

20 -

10

! ! ! ! ! ! ! !

0
1200 1400 1600 1800 2000 2200 2400 2600 2800 3000

Calendar year

Figure 4.11.: Recovery for three different proxies measured for the Pokhara
Valley infill. The mixing ratio is based on clast counts in two tributaries, while vol-
umetric erosion and the river profile adjustment refer to the entire Seti Khola and its
tributaries. Fluvial recovery ranges from 30 to ~70% with respect to a fully equilibrated
river.

4.7. Conclusion

We provide some of the first evidence that earthquake-induced sedimentation in mountain
rivers may protract fluvial, and hence also, landscape response much more than previously
documented. The rivers around Pokhara have been adjusting to catastrophic sediment
pulses for nearly eight centuries. A number of independent proxies attest to this adjust-
ment and recovery: dated exhumed tree trunks record sudden aggradation in the early
13" century. Their location and exposure reveal that the river bed has almost reached its
pre-disturbance elevation by incising into the valley fill deposits, whereas only the upper
12% of the active channel stores local LHS deposits as opposed to the dominant HH lag
material that derives mainly from several strong medieval earthquakes. We document an

increase in volumetric erosion further downstream along the main trunk.

Our findings raise the question of whether massive valley fills and terrace staircases widely
observed in the central Himalayas (and elsewhere) exclusively and faithfully record climatic
or seismic disturbances that may drive sediment availability and river transport capacity
(Blothe and Korup, 2013). The Pokhara Valley has clearly taken many centuries to par-
tially recover from medieval earthquakes: ~70% of the catastrophic deposits still remain
untouched today, whereas the longitudinal profile of the Seti Khola may need another

30% to adjust to reach equilibrated conditions. We argue that longer-lived, in this case
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4. Protracted fluvial recovery from medieval earthquakes

centennial, geomorphic impacts of earthquakes on channel stability and sediment yields
should be acknowledged in post-seismic hazard appraisals and infrastructural planning in

the Pokhara Valley and mountain regions elsewhere.
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Discussion

In the following discussion, I revisit the three research questions about the Pokhara
Formation that the three core Chapters (2 - 4) addressed. Instead of reiterating the major
findings individually, I first summarize the main results to answer each question, and then
discuss several items that arise when integrating those findings. Chapter 2 relied heavily
on the radiocarbon chronology of the valley fill and its relation to earthquake coincidence.
Therefore, part of this discussion (Section 5.1) focuses on the underlying methodological
aspects of the calibration of radiocarbon ages that determine the robustness of the age
constraints of the Pokhara valley infill. Chapter 3 focuses on the role of the Pokhara
Formation as a sediment archive: I ask whether sedimentary evidence alone is sufficient
for inferring three great Himalayan earthquakes in the sediment layers of the Pokhara
Formation. Section 5.2 also tries to provide a context for this by briefly reviewing a broad
range of existing paleo-seismological records of Nepal. In this regard, I add (Section 5.3)
the discussion about triggering mechanisms of the Pokhara Valley infill, and compare it
with similar events found in the Himalayas and elsewhere. The discussion of Chapter 4 is
focused on various proxies to measure fluvial response, while Section 5.4 highlights fluvial
adjustment to massive aggradation in the area of Pokhara and how human influence may
affect the fluvial system during its recovery. The perspective and outlook (Section 5.5) of
this thesis expands on the urbanization of Pokhara city and its surrounding villages with
respect to land use changes and population growth, while hazards such as sinkholes and

terrace collapses, risk and vulnerability appear to be increasing (Sakai et al., 2015).

1. Dates and origins: When, how rapidly, and why was the Pokhara Formation de-
posited?

Our *C ages show evidence for past earthquakes and contribute to the long debated

question whether the valley got filled by one or multiple events. We infer and answer

this question with our robust *C age chronology that at least three medieval earthquakes
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prompted massive valley-floor sedimentation in the Pokhara Valley within some ~250
years. Geomorphic footprints and sedimentary evidence agree with massive fluvial aggra-
dation, while the geomorphic legacy of multiple earthquake-driven sediment pulses appears
to be unique in the Himalayas; to our knowledge no other study has reported catastrophic
sedimentation at comparable size, age or temporal resolution. Deposits from long-runout
debris flows and rapid aggradation from a distinct HH headwater source dominate the
valley sedimentology rather than aggradation in response to local co-seismic landsliding.
We cannot fully discount the possibility that our '#C dates might have no causal connection
with the timing of large medieval earthquakes; at least, our *C dates show no conclusive

correlation with temperature and monsoon proxies for the region (Fig. A.9).

2. Sedimentary diagnostics: Which insights about transport processes and episodes does

the sedimentology of the Pokhara Formation reveal?

A first detailed sedimentological study of the Pokhara Formation (see Table 3.3) gives
evidence of catastrophic debris flows, fluvial conglomerates and fan-marginal slackwater
deposits. Provenance analysis reveals that these upstream dipping deposits in tributary
valleys originate from the upper meta-sedimentary part of the Higher Himalayas tens of
kilometers away. Our sedimentological work is the first systematic inquiry of its kind into
the Pokhara Formation, and highlights four different lithofacies that connect to massive
aggradation pulses affecting large parts of the Pokhara fan. New radiocarbon dates from
widely scattered locations cluster conspicuously to a short medieval period, extend the 14C
age chronology, and establish that these pulses are largely coincident with the documented
dates of three great Himalayan earthquakes. The Pokhara Valley has the hitherto largest
and most thoroughly dated archive of (most likely earthquake triggered) valley fills in
the Himalayas. Yet only the combination of radiocarbon ages, sediment lithofacies, and
provenance analysis is consistent and allows to distinguish the individual sediment pulses.
This catastrophic valley infill offers new proxies to independently verify paleoseismological
fault-trench records, while affording insights into the centennial geomorphic impacts on
major drainage basins, adding to many studies that propose that mountain rivers recover

from earthquakes within years to decades.

3. River signs: What effects did the emplacement of the Pokhara Formation have on

the drainage network?

With the last research question, we show various signs from a river about its fluvial adjust-

ment and recovery after massive aggradation pulses. The rivers around Pokhara have been
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adjusting to catastrophic sediment pulses of nearly eight centuries, and are still in the pro-
cess of doing so. We provide some of the first evidence that earthquake-induced sedimen-
tation in mountain rivers may protract fluvial, and hence also, landscape response much
more than previously documented. A number of independent proxies attest to this adjust-
ment and recovery, re-exhumed tree trunks record a fast and continuous aggradation in the

3t century, while only the upper 12% of a active channel stores local LHS deposits

early 1
as opposed to the dominant HH lag material. We measure recovery proportions of 35-
72% of HH material that still dominates in different tributary catchments, while the total
river system needs to adjust around 30% to reach a concave channel profile. Pronounced
knickpoints at tributary junctions show a protracted response and still ongoing adjustment
process in the fluvial system. We show that humans influence the fluvial adjustment of the
Seti river by extensively mining river material for construction purposes. We conclude that
some mountain rivers may need a few years to adjust and recover from strong perturbation,

while the Pokhara Valley clearly needs centuries to recover from medieval earthquakes, as

~70% of the catastrophic deposits have remained in place untouched until today.

5.1. Assumptions underlying the radiocarbon chronology

Bayesian calibration of in total 46 *C ages returned a robust chronology of pooled
posterior distributions with three distinct peaks that match, within error, the timing of
three large Himalayan earthquakes in ~1100, 1255 and 1344 AD (Fig. 2.2, 3.9, and 4.4).
How certain are these earthquakes as triggering mechanism for the three dated sediment
pulses? How do we exclude that these peaks are artefacts of the calibration curve or
potential sampling errors? These questions are central to identifying or at least interpret-
ing possible trigger mechanisms, but do not change our findings of a catastrophic valley
infill. Moreover, we could similarly ask those questions about samples that were taken in
fault trenches to date historic earthquakes ~1100 AD, Lavé et al. (2005). The calibration
procedure has in principle the same uncertainties; the main difference is that samples from
trenches date the rupture itself without any delay by sediment transportation that we have
to account for in fluvial or debris-flow deposits. Other possible problems can be intermit-
tent storage, the entrainment of residual material (older) or intrusive material (younger)
(Bronk Ramsey, 2008). To systematically and objectively investigate these problems, we

tested various randomization methods during the calibration of *C ages.
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5.1. Assumptions underlying the radiocarbon chronology

Radiocarbon calibration using OxCal

The OxCal program (Version 4.2) provides radiocarbon calibration and analysis of
environmental chronological information. Such information can be used in various
models; the calculation of probable age ranges for dated samples, or the analysis
of grouped events which are related through stratigraphic relationships or generic
grouping. While any organism is alive it continues to incorporate radiocarbon from the
atmosphere, while once it dies, the amount gradually declines because of radioactive
decay (Bronk Ramsey, 2008). The IntCall3 calibration curve is made on material of
known age (e.g. tree rings). However, the calibration is performed by comparing the
radiocarbon concentration of the sample with that of the IntCall3 curve to determine
the possible calender age. The OxCal program provides radiocarbon calibration and
analysis of environmental chronological information. Such information can be used
in various models; the calculation of probable age ranges, or the analysis of grouped
events which are related through stratigraphic relationships. Most dating approaches,
have a large number of **C measurements that we wish to relate to past events (Bronk
Ramsey, 2009b). The OxCal program uses Bayesian statistic that "provides a coherent
framework in which such analysis can be performed and is becoming a core element in
many *C dating projects" (Bronk Ramsey, 2009b). By using the Bayesian approach
for calibration the program aims to find a representative set of possible ages in the
sedimentary sequence (Buck et al., 1991; Bronk Ramsey et al., 2001). For this cali-
bration model, we used a prior knowledge (stratigraphic relationship, components of
sedimentary sequences) to incorporate information to the model, while the likelihood
presents the information of the particular age for each sample (Bronk Ramsey, 2008).
The Bayes theorem then uses these information to get all possible solutions with a
probability which is the product of the prior and likelihood. The resulting distribu-
tions are the posterior probability densities that take account of all information, the

deposition model and age measurement (Bronk Ramsey, 2008).

We sampled our radiocarbon material in the lithofacies F2 and F3 mostly in very fine
clay and silt layers, some of which included limestone pebbles. Others were sampled in
fluvial conglomerates or in cohesive debris flow deposits in fan-distal zones in tributary
valleys (see Chapter 3). Altogether, and to our best knowledge, this is one of the largest

collection of radiocarbon samples found in valley fills in the Himalayas. Although, this
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Figure 5.1.: Testing different models for calibration. We used different priors for
the Bayesian calibration model using OxCal 4.2 with the IntCall3 (Reimer et al., 2013)
curve. A) Shows the simplest approach for calibration with a uniform prior for a one
phase model. The input radiocarbon ages are assumed to possibly occur equally likely
anytime during the phase and within the given minimum and maximum ages. B) This
calibration model is based on a prior knowledge of sample field stratigraphy and the
assumption that our samples were deposited within three sediment pulses (three phase
model) that we tied to historic earthquakes. C) As charcoal often predates the timing of
its deposition (Schiffer, 1986), we used the OxCal charcoal model (Reimer et al., 2013)
assuming that all charcoal dates are outliers and fed this assumption to the three phase
model in B). D) We also tested different models besides the uniform model, but found
that either sigma (shown here) nor the exponential model show substantially different
results.

study area and valley fill is some 150 km? large, we were able to collect samples from
almost every tributary valley (Fig. 3.8). We developed and refined our model by testing
various possibilities of how the Pokhara Formation was deposited. By starting a model
assuming that all radiocarbon ages belong to one event, we later used three and four phases
of sediment deposition (Fig. A.4). However, the 1*C age chronology remain consistent over
the three studies (Chapters 2 - 4). While testing various calibration models with different
numbers of events, we also used different priors for the Bayesian approach (Table 5.1).
Figure A.4 highlights that the three peaks are hardly dependent on the prior distribution
used for calibration. Nevertheless, it underlines that if using informed knowledge (priors)

for the age calibration, the better the Bayesian approach works, and the more radiocarbon
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Table 5.1.: Used priors for the Bayesian model approach of all radiocarbon ages cali-
brated to calendar years.

prior Sample OxCal model
Number
individual age 1 phase* 3 phases™ 4 phases™*
calibration
Chapter 2 26 X X X X
Chapter 3  Stratigraphic information 37 X X X
Chapter 3  Stratigraphic information; 37 X X X
Charcoal as outlier
Chapter 4 Stratigraphic information; 46 b'e

Charcoal as outlier

*These OxCal models use the, so called, sequence{}. A uniform model that constrains the dated events
to be in the order that they are in the sediment. Applicable, if we can not make any direct use of
depth information, but about the stratigraphic order (Bronk Ramsey, 2008).

ages we used as input, the more stable the [ikelihood. This resulted in pronounced peaks
of calibrated *C age densities, while some of the model specifics itself did not matter and
the chronology stayed consistent. The model returned a pooled posterior distribution with
three distinct peaks that match the timing of large historic earthquakes in Nepal. This new
knowledge was than used in Chapter 3 and 4 with the refined assumption of having three
sediment pulses in a three-phase model (see Fig. 5.1). The dependence of depositional
models on 1) random elements in the process and 2) abrupt changes (boundaries) in
sedimentological sequences can be use as prior to refine the model (Bronk Ramsey, 2008).
However, despite the complexity and randomness of sedimentation process, the deposition
rate varies in sufficiently fine scale (as long as one mode of deposition persists) that
depositional models appear continuous and uniform (Bronk Ramsey, 2008). Based on
this condition, we used a uniform model with the knowledge of having three aggradation
phases. By adding a prior probability of sample stratigraphic relationships into the model,
we obtained more credible results. We added to the previous model (Table 5.1) new data
points but also used a posterior probability density function of all samples together with
a prior of their field-based stratigraphic relationship and the knowledge that wood takes
some time to grow so that charcoal ages may predate the timing of sample deposition

(Bronk Ramsey, 2009a).

The oldest *C age peak and therefore first sediment puls in our chronology (Fig. 5.1) fits
to the time range of the ~1100 AD earthquake, which has so far been inferred by trenches
(Lavé et al., 2005). We raise the question about the reliability of these records as well
as the historic scripts for the earthquakes around 1255 and 1344 AD. Ages taken for the

timing of those earthquakes are mostly from fault trenches, using the IntCal calibration
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Figure 5.2.: Kinks and plateaus on radiocarbon calibration. An example of the
influence of plateaus on radiocarbon curves. The curves are 1o Gaussian probabilities of
hypothetical radiocarbon ages with £40 (yellow) and £15 (blue) year error bars. The bars
show possibilities of the calibration curve that are intercepted by radiocarbon ages and
their uncertainties. The intercept region is projected onto the calender year age range.
The variation from kinks and plateaus dictate that for the years of a 2340 radiocarbon
date, a decadal-scale calender year age range is possible, while for a 2460 date, the derived
age range would encompass several centuries. Figure taken from Guilderson et al. (2005)

curve, although from earlier versions. Nonetheless we re-calibrated all relevant radiocarbon
ages for better comparison. During calibration, we mostly concerned the consistency and
accuracy of our radiocarbon ages, but also took the challenge to artefacts in our chronology,
especially those potentially arising from kinks or plateaus in the radiocarbon calibration
curve (Fig. 5.3A and 5.2). Guilderson et al. (2005) underline the issue and limitations
of calibration curves in more detail. However, in many circumstances, radiocarbon dates
allow considerable refinements "through constraints imposed by a priori information (such
as stratigraphy) or by the pattern of the radiocarbon dates relative to calibration curve
variations (an approach that is sometimes referred to as 'wiggle-matching’)" (Guilderson
et al., 2005). This "wiggle-matching’ or long-term variations in **C production approach
is documented in detail by Bronk Ramsey et al. (2001) and Walker (2005). It includes
different methods of matching radiocarbon dates to "wiggles" of the calibration curve.
Besides a Monte-Carlo simulation or the classical Chi-squared fit of the *C data to the
14C curve, Bayesian statistics calculate for each sample the relative likelihood of each

possible calendar year fit. This probabilistic approach calculates a range of most likely
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dates (Bronk Ramsey et al., 2001). In this case, by using the OxCal program with the
Bayesian approach, we already exclude high uncertainties from plateaus and kinks (Bronk
Ramsey et al., 2001; Guilderson et al., 2005; Walker, 2005). Nevertheless, medieval times
are especially problematic in this context; yet the exact dates of changing concentration
of atmospheric **C do not fully match those of the historically documented Himalayan
earthquakes that we have tested our chronology for such artifacts by generating artificial
dates (Fig. 5.3B). We have done this for Chapter 2 (see Appendix A) by testing for a
Poisson process in our posterior age estimates, generating 10,000 simulated data sets and
finally excluded with 95% bootstrap confidence that our dates are randomly distributed
in time (see Fig. A.3). For Chapter 3 we generated a synthetic data set spaced in 10-year
intervals from 1000 to 1500 AD (Fig. 5.3B and C). We processed synthetically generated,
randomly distributed ages with the same measurement errors of 430 years and within the
same calibration models we used for our radiocarbon ages. In all cases, the calibrated
synthetic dates do return peaks (Fig. 5.3B), but none of them match those that we would

expect from plateaus and kinks tied to the calibration curve.

In summary, all variants of calibrating the #*C data return three distinct age peaks
regardless of the exact choice of prior or depositional model. Among others, we tried
a uniform one-phase model, and a uniform three-phase model including charcoals samples
as outliers. In this respect, the three peaks that we obtained turned out to be robust.
We could not find any distinct changes resulting from different models and exclude the
calibration curve as source for potential artifacts or errors. Other seismic events such as
the M,, 7.9 Wenchuan earthquake in 2008 show that mass wasting often delayed by a
few years (Li et al., 2014). Hence, radiocarbon ages are not accurately measurable to one
definite year; regardless, many case studies of recent events have shown that massive river
sedimentation is not limited to a single year, but may more often occur over few years to

decades after the earthquake (Hayes et al., 2002; Li et al., 2014; Ulloa et al., 2016).

Our robust chronology in terms of linking sediment pulses to great medieval earthquakes,
still addresses the issue that arises in the case of the 1505 AD earthquake; our radiocarbon
ages do not peak up around that time. This event is one of the few large earthquakes
known for western Nepal (Malik et al., 2017), with an estimated magnitude of ~8.4 (Kumar
et al., 2006) (Table 3.1), and an epicenter that is only ~170 km away from Pokhara. This
earthquake would have likely triggered landslides or released massive sediment transport

near the epicenter, though likely not as much in the Pokhara area, given the distance
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Figure 5.3.: Test for artifacts in the radiocarbon chronology tied to wiggles in
the calibration curve. We used a synthetic data set of radiocarbon ages from 1000 -
1500 AD and calibrated the samples using the OxCal calibration software. We further
randomly picked the same amount of 36 samples for better comparison to our radiocarbon
samples. We did not use any additional Bayesian priors for calibration as we did in the
manuscript. A) Shows the IntCall3 curve. B) 36 randomly generated samples; note
that peaks in the synthetic chronology do not coincide with the dates linked to "wiggles"
in the calibration curve. C) Our samples calibrated without any informed priors.

(Keefer, 1994) from the Sabche Cirque to the epicenter (see Table 5.2). In any case, such
coseismic landsliding in the Pokhara area would have mobilized much more local (LHS)
sediment than from the HH, at least compared to what we see in the composition of modern
river sands; landslide scars and deposits clearly attributable to the 1505 AD earthquake
still await detection, let alone documentation. Other possibilities of why the 1505 AD
does not show up in our posterior densities might include: 1) The earthquake in 1505 AD
may not have been as strong in the Pokhara area as previously thought (Kumar et al.,
2006; Malik et al., 2017). The Gorkha earthquake in 2015, was very strong, destructive,
but considering the very short distance to Pokhara (only ~80 km) weak with almost no
damage to account in the valley (Rimal et al., 2015; Pokhrel et al., 2015a). 2) The undated
lithofacies F4 covering the Pokhara fan might be evidence for the 1505 AD earthquake.
This very thick layer of catastrophic deposited cohesive debris flow (HH material) might
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belong to the 1344 earthquake; it also could have been triggered by the 1505 or a more
recent large earthquake (e.g. the one in 1681 AD, coeval with our 10Be exposure age,
Chapter 2, Fig. 2.2). 3) The Seti channel could have already been wide and deep around
1505 AD, so that the sediment pulse would have been largely flushed through without
covering much of the fan surface; such was the case for the flash flood in May 2012 in the
Seti gorge (Bhandary et al., 2012). This last point is not as realistic as there were only
150 years between which is not much time to create wide and deep channels for a river
network with protracted fluvial recovery (Chapter 4). The 2012 event moved an estimated
20x10°m3 of sediment, which is a tiny fraction compared to the currently estimated total
accommodation volume (~1.5x10°m3) carved by the Seti channel through the Pokhara

Formation until today.

Table 5.2.: Historic earthquakes of Nepal their earthquake magnitude and epicenter
location. This table is the base of Fig. 5.5

EQ Lat Long Magnitude Reference Distance from
epicenter to the
Sabche Cirque

Nl [E] [km]

1100 27 88 8.6 - 8.8 Lavé et al. (2005) 360
>8.6 Mugnier et al. (2011)

1255 27.7 853 <=38.1 Mugnier et al. (2013) 155
8.6 -9.0 Jayangondaperumal et al. (2013)

1344 30 80 8.4-9.2 Kumar et al. (2006) 420
>8.6 Mugnier et al. (2013)

1505 29.6 83.2 8.1 Yule et al. (2006) 135
8.16 Ambraseys and Douglas (2004)
8.2 Kumahara and Jayangondaperumal

(2013)

>8.6 Bilham (2015)

Our radiocarbon ages are very promising in that we revealed three medieval earthquakes
as highly likely triggering mechanism of catastrophic sedimentation in the Pokhara area.
In the following Section 5.2, I discuss the paleo-seismology of Nepal and the fan sedi-
mentology itself. Figure 5.4 nicely combines our *C ages with slackwater deposits in
the Phusre tributary catchment. Fast aggradation inferred from radiocarbon ages are

1 on average in places, and directly combine and support the notion of

up to 200 mm yr—
catastrophic deposition, mostly leaving behind homogeneous and thick slackwater deposits
(lithofacies F3). The Pokhara Valley is certainly not the only Himalayan location with

massive sedimentation (see section 5.3), but very extensive (150 km?) and unique as it is
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Figure 5.4.: Concurrency of *C ages in the Phusre Khola catchment. Posterior
probability density function (orange) of four radiocarbon ages. The inset shows the field
settings and inferred sedimentation rate.

a great sediment archive to reconstruct its mechanism, sedimentological fingerprints, and

because the second largest city of Nepal is built on this big fan.

5.2. Sediment archives to detect historic earthquakes

In general, some valley fills might be connected to very strong earthquakes (see examples
in section 5.3). But do we expect that earthquakes are regularly and faithfully recorded
in those sediment deposits? Do we expect to find remnants of each earthquake in cata-
strophically filled valleys and incised terraces? We cannot depend on sediment archives if
we do not find them or if they were not created in the first place. Despite the ubiquity
of triggers (Fort, 1987), slope stability as a supply mechanism for such sediments is also
governed by rock mechanics, thus mostly pattern, strength, and orientation of discon-
tinuities, but also topographic relief, earthquake magnitude, peak ground acceleration are
some of the important parameters to release landslides or debris flows (McCalpin, 2009).
We have no reason to believe or even suggest that each major earthquake routinely triggers
debris flows in the Annapurna area. Kargel et al. (2016) conclude in their study about
landslides triggered by the Gorkha earthquakes 2015 in Nepal that the "earthquake caused
fewer landslides than comparable earthquakes elsewhere"; in other studies large scatter of

landslide volumes (Marc et al., 2016) show likewise that a given earthquake with high
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magnitude may trigger sediment pulses in one area, but not in other regions with the

same distance from the epicenter.

An increasing number of paleoseismic studies in the past decade (Lavé et al., 2005; Yule
et al., 2006; Kumar et al., 2010; Mugnier et al., 2013; Bollinger et al., 2014, 2016; Sapkota
et al., 2013; Rajendran et al., 2015) have documented precisely many of Nepal’s historic
earthquakes. However, information remains limited and partial as many key aspects of the
paleoseimic history of Nepal are still heavily debated (Fig. 5.6 and 5.3); different studies
(Le Roux-Mallouf et al., 2016; Mishra et al., 2016; Bollinger et al., 2016; Rajendran et al.,
2015; Lavé et al., 2005) show various and often conflicting interpretations of epicenter
locations, magnitudes (Table 5.2), rupture zones, and even the exact year of historic
Himalayan earthquakes are heavily discussed. Several large medieval earthquakes are
mentioned in written records as the king of Nepal died during the shaking; those are
also known to the exact day (1255 and 1344 AD), while the exception is the ~1100 AD
earthquake, for which researchers have geological field evidence trench investigations (Lavé
et al., 2005). In this regard, "paleoseismology is the study of prehistoric earthquakes,
especially their location timing and size" (McCalpin, 2009). Paleoseismology is concerned
with landforms, tectonics, sediment and geologic structures, geomorphic and stratigraphic
evidence, as well as historical surface deformation (Keller et al., 1997; Yeats et al., 1997;
Burbank and Anderson, 2001; McCalpin, 2009) and relies on rupture histories derived
from fault trenches, written records, liquefaction features, and some from lake sediments.
The sequence of sedimentological units of the Pokhara fan are among the few proxies
(besides the radiocarbon ages) that independently corroborate these dates. Based on our
findings, we argue that valley fills in the Himalayas can offer substantial and independent
evidence for past earthquakes and thus augment the current portfolio of paleoseismological
records. This is exemplified by evidence produced by earthquake shaking, or erosional and
depositional response to shaking, but it is hardly recorded or yet found, in any Himalayan

valley fills.

Using valley fills as palaeoseismological proxies can contribute useful and dearly needed
data, given that the growing body of paleoseismological work on large Himalayan earth-
quakes features a number of contradicting reports about the rupture locations and inferred
spatial patterns of ground acceleration during earthquakes. Whilst the rupture lengths
of some of those earthquakes are more or less well constrained, almost nothing is known

about the epicenter locations, let alone the resulting pattern of local ground acceleration
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Figure 5.5.: Maximum distance to landslides from earthquake epicenter (A)
and fault rupture (B) zone is dependent on different magnitudes. The dashed line is
the upper bound for disrupted slides and falls, where the dash-double-dotted line is for
coherent slides. The dotted line shows the upper bound for lateral spreads and flows. The
colored dots are drawn based on Table 5.2, including the 1505 AD earthquake (Malik
et al., 2017), although, we do not find any evidence for it in the Pokhara Formation.
Modified after Keefer (1984) and McCalpin (2009).

and topographic amplification, which largely govern slope stability and thus potential
sources of landslides and debris flows. Based on Figure 5.5 we follow the approaches by
Keefer (1984) and McCalpin (2009) that are consistent with our conclusion that medieval
earthquakes have triggered at least three sediment pulses originating from the Annapurna
Massif. Based on fault rupture extents, it clearly shows that all three earthquakes we
document in this study might have sufficient potential, at least judging from their epi-
center and fault rupture to the Sabche Cirque, to trigger debris flows in the Annapurna
area (Table 5.2). Even though the 1344 AD earthquake hardly touches the upper curve of
slides and flows (Fig. 5.5). Yet, the event is still within the frame of generating sufficient
ground shakng to trigger massive sediment volumes in the Sabche Cirque, from its epicen-
tral distance alone. The third pulse was less voluminous than the previous two, with the

shortest extent, and the lowest thickness (see section 3.5).

In general, information about historic earthquakes in Nepal are hard to come by. Re-
searchers have been working in various trenches (Fig. 5.6, Table 5.3) along the Main Frontal
Thrust, but whether an earthquake triggers landslides or sediment pulses also depends on
its focal depth. For example, earthquakes with greater focal depth than 30 km trigger

landslides at greater distances than shallower earthquakes of similar magnitude (McCalpin,
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Table 5.3.: Trench locations along the Himalayan range.

This table is the base of

Figure 5.6
Location Lat Long EQ 1100 EQ 1255 EQ 1344 EQ 1505
(°N) (°E)
Hajipur 34.608 73.514 Jayangondaperumal et al. (2016)
Chandigarh 30.774 76.822 Mugnier et al. (2013)
Kala Amb 30.509 77.109 Mugnier et al. (2013)
Rampur Ganda 30.478 77.289 Mugnier et al. (2013)
Dehra Dun 30.376 77.485 Mugnier et al. (2013)
Lal Dhang 29.858 78.270 Mugnier et al. (2013)
Ramnagar (Bel- 29.489 78.989 Sapkota et al. (2013)  Mugnier et al. (2013) Mugnier et al. (2013)
paro)
Mishra et al. (2016) Mishra et al. (2016)
Malik et al. (2017)
Chor Ghalia 29.163 79.649 Bollinger et al. (2014)
Malik et al. (2017)
Mohana 28.918 80.508 Mugnier et al. (2013)  Mugnier et al. (2013) Mugnier et al. (2013)
Bollinger et al. (2014)
Malik et al. (2017)
Koilabas 27.717 82.512 Lavé et al. (2005) Mugnier et al. (2013) ~ Mugnier et al. (2013) Mugnier et al. (2013)
Bollinger et al. (2014) Malik et al. (2017)
Bandel Pokhari 27.693 83.370 Mugnier et al. (2013) Mugnier et al. (2013)
Malik et al. (2017)
Pokhara 28.238 83.996 Stolle et al. (2017) Stolle et al. (2017) Stolle et al. (2017)
Katmandu 27.717 85.324 Mugnier et al. (2013) Mugnier et al. (2013)  Mugnier et al. (2013)
Lavé et al. (2005)
Marha 27.122 85.547 Mugnier et al. (2013) Mugnier et al. (2013)
Lavé et al. (2005) Mishra et al. (2016)
Sir Khola 27.008 85.872 Mugnier et al. (2013) Mugnier et al. (2013)
Bollinger et al. (2014)
Mishra et al. (2016)
Sapkota et al. (2013)
Tokla 26.623 88.050 Mugnier et al. (2013)
Hokse 26.891 88.166 Mugnier et al. (2013) Mugnier et al. (2013)
Bollinger et al. (2014)
Mishra et al. (2016)
Singimuni (Panji- 26.925 88.533 Mugnier et al. (2013) Mishra et al. (2016)
hora)
Kumar et al. (2010)
Chalsa 26.856 88.594 Mugnier et al. (2013)  Mishra et al. (2016)
Kumar et al. (2010)
Narmeri 26.914 92.764 Kumar et al. (2010)  Mugnier et al. (2013)
Mishra et al. (2016)
Harmutti 27.097 93.757 Mugnier et al. (2013)

Mishra et al. (2016)

2009). Figure 5.6 underlines the ongoing debate about these historic earthquakes. Yet, the
1255 AD earthquake would have affected an area spanned over 1000 km, while the 1344
or 1505 AD earthquake had a smaller rupture length. When summarizing dated trenches,
we follow among others, the historic earthquake model of Arora and Malik (2017) and
clearly show with Figure 5.6 that massive sedimentation triggered by those earthquakes
was definitely possible in the Pokhara area (see Fig. C.4 of Arora and Malik (2017) for

comparison).

In the Pokhara Formation (F1, F2) we hardly find any cross bedding and soft sediment
structures, nor do we find current structures in lithofacies F2 that would indicate any
paleoseismic structural evidence. The finer the material and the more upstream in tribu-
tary catchments (F3), the more soft-sediment deformation structures such as loading or
dewatering structures we found, at least at a few places (Fig. 3.5). Such deformation
features in unlithified sediments are called seismites if caused by earthquakes, such as those

inferred for deposits of the Kathmandu basin (Fig. 5.7, Sakai et al. (2015)); hence detailed
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Figure 5.6.: Review of the surface displacement along the Himalayan front.
These five historic earthquakes are inferred from fault trenches along the Himalayan
front in Nepal. Trench locations and extent of individual earthquakes are collected from
different studies (Lavé et al., 2005; Mugnier et al., 2005; Kumar et al., 2010; Mugnier
et al., 2013; Sapkota et al., 2013; Bollinger et al., 2014, 2016; Jayangondaperumal et al.,
2016; Mishra et al., 2016; Malik et al., 2017; Stolle et al., 2017) and summarized in this
overview map. The 1223 AD earthquake is besides the 1255 AD earthquake possible to
have triggered massive aggradation and sediment pulses in the Pokhara Valley. However,
there is not much data available to better distinguish and analyze the two events. The
horizontal scale along the trenches is the distance along the Himalayan arc. Red dots are
rupture trench locations and the yellow line marks the HF'T. Horizontal bars are rupture
length as in Fig. 3.11. Numbers indicating references. Background image is taken from
google earth.

sedimentological studies may offer clues about Himalayan mega-earthquakes (Mugnier
et al., 2011). How do our soft-sediment structures differ from seismites? The few outcrops
of candidate structures we found are ambiguous, especially as such structures can also

form in non-seismic conditions through sediment deposition rather than cyclic shaking
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(Fig. 5.7). However, some soft-sediment structures we found (e.g. flames) are distinct
and characteristic for non-seismic processes. Yet, some sediment structures in the older
sediment pulse layers may represent seismites by the 1255, 1344 AD or even younger
earthquakes, though more detailed research is required here. We did not find any traces
or any faulting in the area even though the MCT is adjacent to our study area in the north.
However, recent faults are being recovered in the past years in the Himalayas (Mridula
et al., 2016). The MCT is not visible as a lineament, but rather marks a major topographic
break in the area; seismically active in segments (Mukhopadhyay, 2011). Outcrops of the
MCT extend over several hundred meters at least and likely mark a broad shear zone
(Dhital, 2015); Pokhara area is close to the ramp of the Main Himalayan Thrust where
fault ruptures occur, hence earthquake epicenters are usually deeper (Avouac, 2015; Searle

et al., 2017).

How does the sedimentology of the Pokhara Formation fit to the interpretation of earth-
quake triggered pulses? Our sedimentological results point to rapidly settled slackwater
deposits that plugged the mouths of tributaries with HH material. We find catastrophic
sediment pulses with layers of cohesive debris flows rather than gradual sedimentation.
The key for rapid aggradation and settling of massive slackwater deposits is described as
lithofacies F'3. They resemble lake sediments due to their fine texture. However, they lack
the organic carbon content microscopically , characteristic for gradual lacustrine deposi-

tion as observed in lakes in the Pokhara Valley (Ross and Gilbert, 1999).

Megaflood sedimentation reflects high-energy, large-scale, and freshwater floods (Carling,
2013). All four lithofacies show such diagnostics of megaflood deposits, as the capping
debris-flow facies (F4) thickening downstream, or fine sediment characteristics of lithofacies
F2 and F3 upon entering tributary mouths (Carling, 2013; Baker, 1987). In any case, these
sediment layers indicate some of the processes likely responsible for the infill. Together with
our C chronology, we independently test and augment the paleoseismologic data from
trenches and offset landforms. The still debated epicenter location, rupture length, and
affected shaking areas of the earthquakes remain obscure but our radiocarbon dates might
help to refine the affected areas of significant ground motion in complementing the different
published data in Figure 5.6. Radiocarbon ages, sediment pulses and catastrophic deposits
indicate that the Pokhara valley was filled following at least three medieval earthquakes.
Anyhow, there are a few other possibilities such as climatic drivers or outburst flows that

are discussed in the following section.
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Figure 5.7.: Geological features of sediment deformation. They can either be
caused by seismic or nonseismic causes. Features on the left side are usually caused by
earthqukes, while those on the right side are never caused by earthquakes. The features
found in the Pokhara Formation can be caused (excluding the triggering mechanism) by
nonseismic through deposition of sediments pulses on top of older sediments. However,
sediment features in the older sediment pulse layers might be caused by the shaking of
the second or third medieval earthquake. Modified after Obermeier (2009).

5.3. Process and triggering mechanism

Another key question is which processes we might see as plausible for generating the
catastrophic sediment pulses that characterize most of the Pokhara Formation? Candidate
processes to mobilize, deliver, and deposits such large volumes of debris-flow material
include: 1) numerous smaller, but widespread landslides and debris flows from many
sources, 2) one or several giant rock/ice-avalanches or sudden outburst flows from large
lakes to produce such debris flows (Chapter 2), and 3) catastrophic outburst floods from

naturally dammed lakes.

1) Individual paleoseismological studies and historical documented earthquakes records
have shown that large earthquakes can generate massive sediment pulses (Keefer, 2002;
Schuster and Highland, 2007) or thousands of landslides (Keefer, 1984; Kargel et al.,
2016; Hovius et al., 2011; Marc et al., 2016) mostly commensurate with earthquake
magnitude or distance from the rupturing fault in a large area. We exclude this
scenario of numerous local landslides as triggering mechanism as our sediment prov-
enance shows evidence for a HH origin of the Pokhara Formation (Fig. 3.6) rather than
LHS material that could have come from nearby local hills. However, local coseismic

landslide deposits could lie below the Pokhara Formation, while those gravels were
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deposited month or years after the earthquake shaking. Examples for local landsliding
are numerous earthquakes in Nepal; the most recent ones including their aftershocks
in 2015 produced at least 25,000 landslides (Roback et al., 2018).
Rock/ice-avalanches may comprise several debris-flow phases in their final runout stage
(Korup and Tweed, 2007; Evans et al., 2009a; Shang et al., 2003), but would have had to
travel for tens of kilometers to deliver large volumes of debris from the HH to the LHS
areas. The storage in the Sabche Cirque is mostly derived from rock/ice avalanches
that form a specific type of very coarse subglacial till. According to Kargel et al. (2013)
the entire cirque basin was most likely occupied by ice in the Pleistocene, whereas today
glaciers have retreated to position along the steep mountain slopes of the Annapurna
peaks. Snow avalanches and rock debris from bedrock walls feed the cirque with loose
material of about 500-600 m thick waiting to get mobilized, but covered by glaciers and
lakes in the upper part (Kargel et al., 2013). One example of such an event is the 1962
Nevado Huascardn mass movements that originated as rock/ice fall but transformed
into a sediment-laden flood incorporating with snow and melting water from the glacier
(Fig. 5.8A, Evans et al. (2009a)), while entering a major river some 15 km away from
the detachment zone (Korup and Tweed, 2007). The event was triggered by an offshore
subduction zone earthquake (M,, ~8.7) (Abe, 1972) with an epicentral distance of 150
km, releasing 0.05 km? of material (Keefer, 2002).

We note (Appendix A) that our radiocarbon dates do not correlate conclusively with
the temperature and monsoon proxies for the region (Fig. A.9), nor with available
paleoclimatic proxies that we also exclude climatic variability as trigger. The medieval
warm (~900-1300 AD) climatic conditions (Rithland et al., 2006; Zhou et al., 2011;
Nawaz and Juyal, 2013) may have led to glacial melting that have created moraine dams
in the Annapurna Sabche Cirque. Not only moraine, but also landslide or rockslide
dams may have blocked the Seti Gorge, creating lakes that are able to release sufficient
amounts of melt water catastrophically during a sudden dam collapse. Triggers might
have been groundwater erosion, heavy precipitation, landslides or avalanches into the
lake, or strong earthquake shaking. The bowl shaped Annapurna Cirque is exceptional
as it can hold masses of material for longer times and we do not find something similar
anywhere in the Himalayas. Judging from aerial imagery, it seems easy to block the
upper Seti Gorge creating a lake with huge amounts of water (Fig. A.6). Catastrophic

outburst flows may explain the rapid sedimentation limited to the Pokhara area.
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Figure 5.8.: Earthquake-triggered sedimentation events. A) The catastrophic
mass flow event at Nevado Huascaran. with its source, path, and deposition devastating
the city of Yungay in 1970 (Evans et al., 2009a). B) Massive debris flows and slides
triggered by the 1994 Paez earthquake in Columbia (Schuster and Highland, 2007).

Consequently, the triggering mechanism of the three sediment pulses might have been a
cascade of natural hazards releasing such amounts of sediments. Prolonged rainfall hardly
seems an option in the upper Annapurna Massif as the location of rainfall maxima is
controlled by the topography near the barrier of the Lesser and Greater Himalaya; here,
rainfall peaks at ~3 km below the highest mean elevation and about 5-6 km below the
highest Himalyan peaks (Bookhagen and Burbank, 2006). The few paleoclimatic records
for the study region reveal few clues (e.g. snow melting) about potential aseismic triggers.
A still unresolved question is how the material traveled across the deep gorge of the upper
Seti River between the Sabche Cirque and the apex of the Pokhara Formation fan. One
possibility would have been a giant ’jump’ or overflow from the cirque on the rocky bar,
as observed at the Huascaran event, and because the Seti Gorge is only a few meters wide

in most of its length.

In the Himalayas and elsewhere alluvial fans occupying large intramontane basins (Blothe
and Korup, 2013) but none of them are illustrated in such detail as the Pokhara Valley.
Though, our radiocarbon chronology of fan sedimentation around Pokhara shares the
same distinct clusters of large medieval earthquakes in the Himalayas by judging from
the compelling coincidence of valley-fill ages and the timing of earthquakes. We do not
think that excluding a seismic origin of the Pokhara Formation is advisable. Several case

studies illustrate the complex and multi-phased nature of long-runout debris flows. In
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this regard, massive sedimentation in response to earthquakes in the Pokhara area may
follow the notion of Jibson (2009): "Thus, earthquakes can deposit large pulses of sediment
into alluvial systems, which can (1) lead to creation of new fans, (2) cause widespread
aggradation of channels, (3) provide material for subsequent deposition on fan surfaces by
debris flows and hyperconcentrated flows, and (4) affect the overall development of the fan
surface on the long term". However, sediment pulses released by earthquakes can leave
evidence in the depositional record of alluvial systems (Jibson, 2009). Sediment pulses in
combination with earthquakes are a gap in literature. Davies and Korup (2007) point out
that "the reconstruction of former earthquake-induced sediment pulses requires further
detailed research', and large events such as the Pokhara Valley are rather rare. However,
earthquake-triggered massive sedimentation events can be found at a few places around
the world. Schuster et al. (1996) refer to a mass wasting event in Ecuador in 1987. After
a month of heavy rain, the earthquake-triggered soil failures that transformed into fluid
debris avalanches and debris flows mobilizing 0.07-0.1 km3 of material. A similar event
in Columbia (Fig. 5.8B) affected an area of 250 km? (Schuster and Highland, 2007) by
numerous debris flows. In comparison, the three medieval earthquakes in Nepal released
roughly >5 km? of debris forming the Pokhara Formation. We could picture a similar
scenario for the Pokhara Valley; debris-flow and sediment-laden flood deposits as well as a
possible equal trigger mechanism, yet, longer run-out distances (70 km) and a fan surface

of about 150 km?.

5.4. Fluvial Response

The uncertainty about the triggering mechanism and transport processes responsible for
the Pokhara Formation flank the uncertainty regarding its residual hazard. Little is known
about how rivers respond over centuries to the sudden supply of excess sediment. While
earthquake-induced mass movements are in many cases the main regional sediment-supply
mechanism, much of the material may be stored for years to decades, if not centuries, in
the drainage network, before being transported out of the rivers and valleys (Pearce and
Watson, 1986; Hewitt, 1998; Hewitt et al., 2008). How long and how much of the material
will be stored in a given river system is highly variable and subject to debate (Pain and

Bowler, 1973; Dadson et al., 2004; Koi et al., 2008; Matsuoka et al., 2008; Hovius et al.,
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2011; Li et al., 2016). Here, we raise the question of how recovery is defined and how much

volume remains in the valley while the system is adjusted to a new environment?

Geomorphologists studied the response of sediment budgets (Huang and Montgomery,
2012), river morphology, pre- and post-event denudation rates, and the propagation of
knickpoints (Olen et al., 2015), while river sensitivity is a measure of recurrence inter-
val and recovery times (Downs and Gregory, 2004; Fryirs, 2017). We follow this debate
and test the consistency of river response and recovery metrics with various proxies
(Chapter 4). We investigate upstream infilled tributary rivers of the Seti Khola (Fig. 4.1,
inset) with terraces 5 to 50 m thick (upstream at fan margins to the center of the fan) that
exist as remnants of the catastrophic formed valley fill. These rivers incised into the valley
infill over the last 800 years and are still eroding lateral terrace debris, while vertically
incising into the Formation. These terraces formed when rivers switch between incising
and aggrading of sediments which is dependent on the balance between river transport
capacity and the supply of sediments from nearby hillslopes (Lane, 1955; Scherler et al.,
2016). In a dynamic equilibrium input and output to given river reach balance over time
by virtue of mass conservation. Ideally, the amount of sediment entering a river is roughly
balanced by the river’s sediment transport capacity. Rivers are constantly adjusting to
approach the balance between incision and aggradation (Scherler et al., 2016). Fryirs
(2017) document disturbed river systems with several such estimates but it hinges on how
one measures fluvial response and recovery. Moreover, in several studies we find applied
concepts on how landscape and rivers response to disturbances with parameters such
as thresholds (Schumm, 1979), disturbance type and responses, recovery, and lag times
(Allen, 1974; Chappell, 2007), or sediment flux and budget (Walling, 1983); others write
about catastrophic disturbances that alter stream-energy and directly initiate channel
changes and its response which can affect the entire fluvial system (Simon, 1992). Downs
and Gregory (2004) summarize that the probability of change is dependent on disturbing
and resistant forces, and adjustment occurs whenever perturbation exceeds the ability of
the river to resist the disturbance (Fryirs, 2017). Channel adjustment tend to be rapid
after such disorder and leads to spatial and temporal trends of river response towards
a new "steady state" from disequilibrium (Simon, 1992). Is it fluvial recovery, response,
relaxation, river sensitivity or adjustment? We argue that the combination of these terms

leads to protracted recovery (Chapter 4, Fig. 1.5). Moreover, erosion associated with
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earthquake induced catastrophic sedimentation is one of the important influences on the

topographical evolution (Reading, 1996; Ouimet et al., 2009).

The challenge by using 1°Be erosion rates as background denudation for our proxies, are
the different apparent integration times that range from 500 to 1,700 years. Therefore, a
comparison with our volumetric erosion rates which are calculated over a time range over
660-800 years (Table C.2) is not possible. In this regard, we cannot use °Be erosion rates
as proxy for fluvial recovery in this area as we do not have any measurements to compare
before the events happened. Erosion and incision are most relevant to answer the question
about recovery times of the Seti Khola river system. The centennial importance of erosion
rates is prevalent in comparison with regional slope erosion and erosion inferred from
fluvial sediment discharge (Keefer, 1994) over just a few years. We estimate the overall
volume of deposited material for the valley infill to 5-7 km3 (Chapter 3) from which some
1.940.2 km? (Chapter 4) were eroded by rivers since the early 13" century. According to
that, we believe that ~70% of material still remains in the valley. Although, we do not
know the topography of the former valley, nor the volume and size of the older formation
(Ghachok Formation) that is sitting below the Pokhara Formation at some places. We find

rare information of detailed reviews about different proxies used to define river recovery.

Our estimated erosion rates from volumetric calculations tend to decrease downstream
in tributary valleys, but increase with distance in the main river (Fig. 4.5). Numerous
knickpoints along the Seti River and upward convex longitudinal profiles reflect ongoing
adjustment of the drainage network (Bishop et al., 2005; Wobus et al., 2006); while up-
stream tributaries highly differ in channel-bed elevations reflecting the ongoing adjustment
to trunk-stream aggradation, other tributary mouths have hanging longitudinal profiles
(Fig. 5.9). The Seti Khola cuts through older consolidated valley fill deposits (Ghachock
Formation) around Pokhara city as it suddenly disappears in a very narrow (10-25 m
wide) and steep (up to 70 m) gorge (for example in Ramghat, Pokhara city, Fig. 3.1).
However, we could not find any knickpoint clustering in Figure 4.6 related to knickpoint
retreat as a function of upslope area (Bishop et al., 2005). We rather find that knickpoints
appear randomly distributed with no obvious signs of base-level changes. Nevertheless,
using knickpoints in the longitudinal profile as function to the adjustment to a concave
channel bed, we argue that we can measure the percentage that is missing for the river to
reach this stage of equilibrium. However, Figure 5.9 illustrates that tributaries are unable

to keep pace with the faster incising Seti Khola (Goode and Burbank, 2009), developing
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Figure 5.9.: Protracted fluvial response revealed through knickpoints at trib-
utary junctions. A) Recently developed knickpoint at the Mardi Khola confluence. B)
knickpoint at one of the northernmost tributaries within the Pokhara Formation (Sardi
Khola). C) Saraudi Khola confluence, shortly before one of the bigger knickpoints of the
Seti Khola into bedrock. Just upstream of this point, Saraudi Khola gently flows into the
Seti Khola but with speed. D) Ghatte Khola confluence is almost a waterfall into the
Seti Khola, while E) Phusre Khola flows parallel for a while but on different elevation
levels before joining the Seti Khola downstream (see Fig. 3.1 for tributary locations).

knickpoints at river junctions. Thus, tributaries might have stalled where laterally shifted
rivers incise into bedrock (Phillips and Lutz, 2008) or the older Ghachock Formation that
lies below the Pokhara Formation in the southern part of the valley (Fort, 1987). In this
case, knickpoints can be proxies to measure fluvial recovery times, not as stand-alone
proxies but rather in a combination of many, as we do have the exact timing of infill and
the possibility to measure fluvial recovery over this specific time frame. Clast counts are
another promising measurement for recovery times, when calculating the percentage of
local LHS material to HH terrace gravels on active river beds; results range from about

30-70 % of HH abundance in tributary valleys, still waiting to get transported. With
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these measurements we try to find a point or better the range on a declining curve since

aggradation took place until the full recovery of the river network.

Our calculated volumetric erosion rates range from 1.6-2.1 mm yr—*

as amongst the highest
values calculated for the Lesser Himalaya (0.2-2.0 mm yr—!) (Andermann et al., 2012).
Our discussion of fluvial response is not only linked to river erosion or incision, but is
related with the dynamics of subsurface flows within the Pokhara Formation. These high
volumetric erosion rates might also be influenced by human activities as extensive gravel
mining for construction purposes are conducted along the Seti River (see Chapter 1 for
some detailed information). Will it increase incision and erosion by lowering the channel
gradient, or will it simply help the river system to faster adjust to its new environment?
Gravel pits (Fig. 1.4) are a main issue along Nepal’s rivers. Nepalese government officials
say about these sites that gravel miners are damaging the rivers, and they should be
stopped (Dave, 2013), but if they close them, people are mining illegal at the rivers, which
would not improve the mining situation. All the material taken out from the Seti is
part of our volumetric estimations, so we may overestimate our incision rates calculated
over the past 800 years. We do not have any numbers of how much cubic meters are
mined along the Seti river per year, but from other studies (Sayami and Tamrakar, 2007;
Manariotis and Yannopoulos, 2014), we do know that channel lowering, bank collapses
and the undercutting of bridges and roads are main issues and results of river mining.
River mining started some 20 to 30 years ago in the Pokhara area that the proportion to
the volume that is being removed since medieval times may not be as large as considered

in our measurements.

The Pokhara gravels have a high calcareous content as their sedimentary origin are HH
gravels with a high amount of Nilgiri limestone (Waltham, 1972), making the area highly
prone to karst weathering and sinkholes. In the Pokhara area we have to distinguish
two types of subsurface outwash: 1) karst features that occur in hard conglomerates of
the Ghachok Formation in the west and southern parts of Pokhara city and 2) sinkholes
that appear and are related to piping within the slackwater deposits (Armala, north or
Pokhara city) in relation to fluctuation of groundwater level. New sinkholes of different
size develop every year during monsoon season (Kaphle et al., 2007). There have been
around 100 sinkholes in 10 years (2004-2014) of which >10 have appeared after 2013 along
the Kali Khola (Fig. 3.1) (Rimal et al., 2015). The risk for local people increases, as it

does for tourists; many famous places like the Powerhouse, Gupteshwar and Mahendra
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Figure 5.10.: Sinkhole hazard, susceptibility, and vulnerability maps of and
around Pokhara city. A) This hazard map shows pronounced sinkholes (red dots) and
their hazard including from low (green) to high (red) respectively. B) the same map as
shown in A) together with our grouped lithofacies (F1-F3, gray) and the Ghachock For-
mation (brown). Sinkholes clearly occur along the boundary of Pokhara and Ghachock
Formation. C) Liquefaction and susceptibility areas around Pokhara city. D) Urban
density map of Pokhara with observed sinkholes. This map underlines how many people
live on hazardous ground in and around Pokhara city. E) Vulnerability scenario map of
Pokhara in 2021. The city is still growing and expanding, not only in low and medium
sinkhole prone areas, but also in high risky areas. Figures are combined and (modified
after United Nations Develop Program et al., 2009).

cave areas, which are regularly visited by tourists, have a high likelihood of sinkhole

development (see geological map with potential sinkhole hazard areas in Fig. C.5 and

5.10, Rimal et al. (2015); Koirala et al. (1998)). Many of the sinkholes close to settlements

are filled by river gravels and sands collected from the nearby rivers (Rijal, 2017). Re-

filling sinkholes is partly successful, although many of them re-activate due to mining,

and heavy rainfalls (Pokhrel et al., 2015b). In the Pokhara area the government agency

prompt the re-filling, but during monsoon season, they got washed out from below. Thus,

rapid groundwater flows seem the main issue of sinkhole development in the Pokhara and

Ghachock Formations (Pokhrel et al., 2015b).
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Are these modern hazards part of fluvial response from massive sediment pulses during
medieval times? They might as the Pokhara gravels are very calcareous, and the monsoon
rain is very strong in this region. With the following outlook, I underline the present
issues of vulnerability to natural hazards, population growth in the Pokhara area, and the
sinkhole appearance on the fan surface; I combine hazards maps with sedimentological
results of this thesis to show further steps and future research possibilities for the Pokhara

Valley.

5.5. Outlook and Perspective - The Pokhara Formation as

link to contemporary hazards

Recent projections about climate change due to global warming attribute ’extreme’ vulner-
ability to Nepal, making it the 4" most climate vulnerable country in the world, the 11"
for earthquakes, and the 30" for flooding (MoHa, 2015) (Fig. 5.11). This mountain region
of Nepal is by their rugged topography, high relief, active tectonic process, and intense
climatic conditions affected by natural hazards such as earthquakes and landslides, where
the southern Terai region has to deal with huge flooding. Thus, these hazards threat the
life of its inhabitants (MoHa, 2015). Natural hazard events that occurred recently show
the problematic issues as expressed by Gurung et al. (2015): "the event however complex
it may seem, is a natural process, which went on to become a disaster due to lack of pre-
paredness". This will be the real challenge for authorities in charge in the Pokhara Valley

(Fort et al., in press), but we can help with the geological and geomorphic background,

and the response of a river network after such disturbances.

Population growth in mountain regions is often concomitant with poverty and an increase
of land use where people have to expand into more hazardous areas exposed to natural
hazards (Lennartz, 2015). The combination of natural hazards and an increasing ex-
position of vulnerable populations raises natural risk and compromises the sustainable
development in the long-term (Bjornsen Gurung et al., 2012). This situation is seen in
the Pokhara Valley (Fig. 1.2). Its population has been growing rapidly (United Nations
Develop Program et al., 2009) to ~250,000 people; the whole valley already is home to
more than 400,000 inhabitants in 2010 (Central Bureau of Statistics, 2011). Accordingly,
the history of Pokhara city is very short, while the rate of urban development is increasing

and high (Adhikari and Seddon, 2002). In the Pokhara area, not only hazards like earth-
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Figure 5.11.: Vulnerability of Nepal to A) earthquake and precipitation triggered
landslides, B) earthquakes and C) floods. The maps A) and B) are from ADPC et al.
(2010), map C) is part of a Nepal hazard vulnerability map from DG ECHO and Direc-
torate General for Humanitarian Aid and Civil Protection (2012)

quakes, floods, terrace collapses, or undercutting (Dhital and Giri, 1993) are very serious
issues, land subsidence and sinkhole collapses threaten the local residents in Pokhara city

(Pokhrel et al., 2015b) more frequently than a few years ago.

The deposited calcareous material of the Pokhara Formation is highly prone to karst
structures such as sinkholes, subsurface flows, caves, slot gorges, and solution cavities.
These are widely developed in the area (Fig. 5.12 and 5.10) not only at the surface, but
also the subsurface (Gautam et al., 2000), and are rather hard to judge. Either they are
slow and lead to gradual ground subsidence or to catastrophic collapses (sinkholes) (Zhou
et al., 2011). Several investigations by Pokhrel et al. (2015a) and Chiaro et al. (2015)
during and after the monsoon in 2014 show that not only new sinkholes developed within
five months but also several re-activated. Most hazardous seems a shallow weak soil layer

which they believe to be the location for future sinkholes.

In Chapter 3, the sedimentological descriptions (Fig. 3.4) of lithofacies F3 (Table 3.2) fit to
the whitish clay rich silt layer, very homogeneous and at many locations massive and thick,
that are descried by Pokhrel et al. (2015a) as weak layer that is most prone for sinkholes.
They observed a 2.5 m high cavity at a depth of 7.5 to 10 m surrounded by such clay and
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Figure 5.12.: Newspaper articles about recent sinkholes in the Pokhara Area
are a main issue for the local people since a few years. Articles are taken from "The
Himalayan Times" and "The Kathmandu Post - Ekantipur".

silt layers that may be the layer where sinkholes appear. Additionally, the most recent
sinkholes (Pokhrel et al., 2015a) in the Armala region, along Kali Khola, are located within
the F3 lithofacies with high clay to silty layers. Sinkholes and sinkhole susceptible areas
are going along with our lithofacies (Fig. 5.10B); karst features are recorded within the
older Ghachock Formation and along the contact of its terraces to the Pokhara Formation
(Fig. 5.10). This contact seems, beside the F2 and F3 silt layers, a main issue where water
penetrates into the Formation transferring into subsurface flows. The exact locations
of sinkholes and occurrence would need some more detailed research. Nevertheless, most
people in Pokhara city live in the high risk zone for sinkholes and liquefaction (Fig. 5.10E),
while rapid urbanization will expand on the most hazardous areas. The United Nations
Develop Program et al. (2009) Report noted that the status of land use change to urban
areas reveals 322% of increase from 1979 to 1996. Since then, urban areas increased
to another 116% within the next nine years. Simulations until 2021 show that suitable
land for urban areas will reach ~50% of change, but will expand on high sinkhole hazard
susceptible land if the current trend of growing population for Pokhara city continues

(Fig. 5.10).

Although, there was not much damage after the Gorkha Earthquake in 2015 in Pokhara,

since then, risk of new sinkholes still exists as white turbid water continuously springs
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at various locations (Pokhrel et al., 2015b) indicating that subsurface had altered the
subsoil conditions and erosion of clayey silt layer is still progressing and disturbed (Chiaro
et al., 2015). Besides sinkholes as one serious modern hazard, terrace collapses during
monsoon season and liquefaction are two hazardous processes to keep in mind in the
future. Summarizing these "modern" hazards, it is alarming that many local residents do
not know about them. The flash flood event along the Seti Khola in Mai 2012, was a
"small" (0.022 km3) event showing that the Annapurna cirque clearly is prone to cata-
strophic rock avalanches, and still contains masses of material awaiting to get transported
(Bhandary et al., 2012). The event is a warning of what can happen again in the near
future and a reminder of the past medieval events illustrated in this thesis. This rock-wall
collapse was not triggered by rainfall nor an earthquake, but large enough to destroy the

villages north of Pokhara at the Pokhara fan apex.

Future research should focus on the protection, from future hazards, of the Pokhara Valley
residents. We show that modern hazards as further step following the results of Chapter 4
can reduce the vulnerability by informing the population which would raise people’s aware-
ness. Investigations can be geophysical methods such as the implementation of detailed
hazard and risk maps, geotechnical surveys prior constructions, and subsurface imaging
to research subsurface structures and in the best case, to find cavities in the area. More
observations on the sedimentology (lithofacies F1-F4, Fig. 5.10) and the combination or
connection to sinkholes would help to understand the mechanism but also to find out those
sediment layers that are water soluble. However, despite the promising results from this
thesis, frequent earthquakes, floods and landslides in Nepal may require future study and
in this situation worth looking into more closely. Specifically the details behind the process
and event that was able to release such amount of material in very short time. We argue
that the Pokhara valley is unique or outstanding in its geology, climate condition, and
geomorphic features and we were not able to find something similar in its size, deposits
and geomorphic setting anywhere in mountain areas to compare our results. But we show
the one example of a very young but massive valley fill that is the perfect place to research
more on sediment archives, valley fill geomorphology, fluvial adjustment, and (in future)
on resulting "modern" hazards with the issue of population growth into more hazardous

areas.
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Conclusion

The Pokhara Valley and its geomorphic legacy of at least three earthquake-driven sedi-
mentation pulses are unique in the Himalayas. Long-runout debris flows from a single HH
source in the Annapurna Massif with widespread sedimentation up to 70 km downstream
characterizes the fan morphology rather than aggradation in response to local coseismic
landsliding. Our detailed sedimentary and provenance analyses reveal tributary plugging
by rapid fluvial aggradation shown in extensive sediment beds dipping upstream into these
catchments. Our sedimentological catalog is the first systematic inquiry of the Pokhara
Formation. The entire fan sedimentology is grouped to four lithofacies that offer key
diagnostics of catastrophic sedimentation, fining from big boulders and gravels in the fan
center to tributary mouths and slackwater deposits that fill tributary catchments upstream
to the fan margin. Samples of radiocarbon dates are taken on the entire fan and con-
spicuously cluster to medieval times, establishing that these pulses are largely coincident
with three documented dates of great Himalayan earthquakes. Not only the sedimentology
and C ages but also XRF spectrometry support the hypothesis of these three earthquake
connected to fast aggraded sediment pulses. The spatial and temporal relationship of 37
14C ages in combination with sedimentological findings corroborate the previous assump-
tion of rapid sedimentation giving clues to the individual volumes of each pulse and the
entire valley infill. We follow the logical way thinking about the response after strong
perturbation and come up with a number of independent proxies testing adjustment and
recovery times. We use dated re-exhumed tree trunks that record a fast and continuous
aggradation in the early 13" century. Their location and exposure reveal that the river-bed
may have almost reached its former elevation, whereas only the upper 12% of the active
channel stores local LHS deposits yet. Clast count measures to the percentage of HH verses
LHS deposits range from 30-70% for different tributary catchments, while the longitudinal
profile of the entire river network shows that there are 30% missing to reach equilibrium

and to recover from perturbation. Contemporary rates of river incision and sediment yields
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remain very high, triggering bank erosion, terrace collapses and local ground subsidence.
The Pokhara Valley needs centuries to recover from earthquake perturbation in medieval
times, as ~70% of the catastrophic deposits still remain untouched in the valley today.
Such geomorphic legacy is important to acknowledge in post-seismic hazard appraisals.
With this study, we offer the first evidence that earthquake-induced catastrophic sedimen-
tation in mountain rivers may protract fluvial, and hence also, landscape response much
more than previously documented. The geological past of the Pokhara valley gives insight
to the long-term geomorphic impact of Himalayan earthquakes on major drainage basins
and helps to investigate the consequences on ‘'modern’ hazards. Our results motivate some
rethinking of post-seismic hazard appraisals and infrastructural planning in mountainous
regions and shows that natural hazards and anthropogenic factors influence the environ-
ment. The rapid growing population has induced arbitrary urbanization, diffusing to high
vulnerable parts of the city, and increasing the vulnerability and potential risk for those
people that are living in the Pokhara Valley. This study results in the largest, youngest
and most extensively dated sediment records of valley infill today, combining the geologic
and geomorphic past with the present dramatic landscape involving modern hazards and

population growth.
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Materials and Methods

Radiocarbon sampling and modeling

The Pokhara Formation has so far eluded any direct dating, mainly because it lacks organic
material. Eight previously reported *C dates (Fort, 1987; Yamanaka et al., 1982) come
from samples of peat layers, humic silt or wood remnants found in fine-grained sediments
exposed in the ponded tributaries of the Seti Khola (Figs. A.1 und A.2). We add 18 new
samples that we collected in September 2012, March 2013, and October 2014 (Table A.1).
We recovered two samples from fine-grained slackwater deposits in the Saraudi Khola and
Magdi Khola ~2 and ~5 km upstream of their confluence with the Seti Khola, respectively.
We also sampled these deposits in the lower Phusre, Anpu, Saraudi, Magdi, and Gondang
Khola, which are all major tributaries of the Seti Khola (Fig.2.2).

We used OxCal4.2 (https://cl4.arch.ox.ac.uk/) and the IntCall3 curve to specify
several Bayesian models for calibrating our *C ages to calendar years (Bronk Ramsey,
2009b). The advantage of Bayesian calibration of #C ages is that it allows incorporat-
ing explicitly our prior beliefs about the relative stratigraphy of the ages that we derived
from the field context (Bronk Ramsey, 2009b). Apart from generating calibrated calen-
dric ages, we were also interested in learning whether these were linked to documented
medieval earthquakes or simply spread throughout time without any clear pattern. To
this end, we investigated several possible models: The simplest approach for calibration
is a uniform prior for a single phase delimited by the oldest and youngest **C ages. The
model input consists of the sorted uncalibrated #C dates, assuming that all of the dates
are equally likely to occur anytime during the phase.

We also calibrated our **C ages using a prior informed by field stratigraphy and the as-
sumption that our samples captured three sedimentation phases that we tied to earthquake
dates at ~1100, 1255, and 1505 C.E. These M > 8 earthquakes have well established ages
with rupture zones large enough such that strong seismic shaking would have affected the
Pokhara region (Rajendran et al., 2015). The motivation for assuming three sedimentation
phases comes from the calibration using the uniform phase model, which returns a pooled
posterior distribution with three distinct peaks close to those dates. We ran both uniform
and exponential phase models (Bronk Ramsey, 2009b), but found no significant differences
in the resulting posterior distributions that largely emphasize the peaks of the uniform
phase model. The informed prior assuming sedimentation phases tied to medieval earth-
quakes further emphasizes the three peaks in our uniform phase model (Fig. A.4, Table

S2). Similarly, adding the 1344 C.E. earthquake as another distinct phase hardly changes
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our results. Hence, even without including the timing of large medieval earthquakes in
our prior assumptions, the calibration returns distinct peaks in the pooled posterior dis-
tributions very similar to those that we would obtain if including knowledge about these
earthquakes beforehand. We excluded a potential earthquake in 1408 C.E., as this is likely
the same event as the one in 1344 C.E. due to calendric revisions (Rajendran et al., 2015).
We used a clustering-based Gaussian mixture model (Fraley and Raftery, 2003) with a
Bayesian Information Criterion to objectively extract the major contributing peaks in the
posterior distributions assuming that mapping of Gaussian distributed **C data onto the
calibration curve return mixed Gaussians in calendric ages. Regardless of whether we
choose a uniform-phase model or one that includes three or four distinct sedimentation
phases tied to medieval earthquakes, the Gaussian mixture model consistently reproduces
three major peaks at 1045-1075, 1204-1233, and 1337-1361 C.E. We relate these peaks to
the 1100, 1255, and 1344 C.E. earthquakes, respectively (Fig. A.4). We calibrated our *C
ages using additional stratigraphic constraints from field observations. At Phusre Khola
(Fig. 2.1), we obtained four **C samples from an outcrop in their stratigraphic context
such that we modeled this as a single phase.

We further tested whether the calibrated dates were randomly distributed through time.
We searched for a potential Poisson process in the data by checking whether the intervals
between successive dates approximated an exponential distribution. We generated N =
10,000 sets containing 26 dates each by randomly sampling from the posterior distribu-
tions of the calendric ages obtained from the uniform-phase calibration, assigning weights
scaled to the posterior probability densities. We then computed the empirical and the-
oretical exceedance probabilities for the time spans between successive dates for each of
the 10,000 simulated sets. We expressed our confidence of detecting a Poisson process
in the data by the percentage of all sets that had a root mean squared (RMS) deviation
<0.05 between the measured and the theoretical exceedance probabilities. Based on this
approach we exclude with 95% confidence that the 26 dates are randomly distributed in
time (Fig. A.3).
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Legend
Samples
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Figure A.1l.: Locations of samples for radiocarbon dating and x-ray fluorescence analysis
(see Fig. 2.1 for general orientation).
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Figure A.2.: Field photos of slackwater deposits of the Pokhara Formation containing
organic debris, and crystalline Bhim Kali boulder. Organic debris includes (A) intact
leaves, (B) partly intact logs, (C) ripped-up soil pocket incorporated into debris-flow
deposits, (D) and organic layers between silt and sand beds. (E) Sampling the top
surface of the 11-m long Bhim Kali boulder for °Be exposure dating.
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Figure A.3.: Test results for temporal clustering of 26 *C dates from tributaries of
the Seti Khola, Pokhara region. (A)Set of N = 10,000 measured versus theoretical
exceedance probabilities (orange dots) of intervals between 26 successive calibrated *C
dates in tributaries around Pokhara, sampled from the modeled posterior distributions
in Fig. A.4. Red 1:1 line shows theoretical point pattern for a Poisson process. (B)
Probability density estimate of root mean squared deviation of measured from theoretical
exceedance probabilities. Vertical dashed line indicates that ~5% of all differences in
probabilities have a RMS <0.05, which we set as the maximum tolerance for finding a
Poisson process in the data. Hence we infer that the calendric ages are not randomly
distributed in time.
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Figure A.4.: Posterior probability density functions (orange) of 26 *C ages from
Bayesian calibration using OxCal4.2 and the IntCall3 curve, and cosmogenic 1°Be in situ
exposure age of the Bhim Kali boulder. (A) Uniform-phase model with pooled posterior
(red) have three distinct peaks coinciding with major historic and inferred earthquakes
at ~1100, 1255, and 1344 C.E. (black dashed lines; gray dashed lines are other historic
earthquake dates with little information on rupture extent). Horizontal lines are 95%
highest density intervals (HDIs) of the 26 dates. Red box is 95% HDI (1020-1160 C.E.)
for the ~1100 C.E. earthquake from seven published *C ages (Galetzka et al., 2015)
that we re-calibrated for consistency. (B) Three-phase model assuming uniform spread
of ages related to three earthquakes in ~1100, 1255, and 1505 C.E. (C) Four-phase model
assuming uniform spread of ages related to four earthquakes in ~1100, 1255, 1344, and
1505 C.E. Note how all models return three major and consistent peak locations in the
pooled posteriors. Whiskers are +1¢ uncertainties around the °Be exposure age.
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Figure A.5.: Modeled pooled posterior distribution of calibrated *C ages using a
clustering-based Gaussian mixture model. Shown here are only the three most distinct
peaks for (A) uniform phase model (mix of nine Gaussian components), (B) three-phase
model assuming uniform spread of ages tied to three earthquakes (mix of nine Gaussian
components), and (C) four-phase model assuming uniform spread of ages tied to four
earthquakes (mix of seven Gaussian components); log L is log likelihood, and BIC is
the Bayesian Information Criterion for full model cases that include minor peaks in the
modeled distributions. Dashed lines are dates of large medieval earthquakes. Gray dates
refer to other historic earthquake dates with little information on rupture extent.
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Figure A.6.: Posterior probabilty density function (orange) of four '*/C ages at Phusre
Khola using OxCal 4.2 and the IntCall3 curve. Inset shows photo of field setting and
major sedimentary units. The calibrated *C dates are indistinguishable, so that we
cannot establish whether aggradation occurred in several successive pulses or during a
single event.
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Cosmogenic °Be exposure dating

We sampled Bhim Kali (28.24°N, 83.99°E, 920 m a.s.l., Fig. A.2), a fluvially sculpted HHC

gneiss boulder with a diameter of 11 m lodged on top of the Pokhara Formation for cos-
mogenic 19Be exposure dating. The prominent 3000-ton metamorphic boulder is located
in the premises of the Prithivi Narayan Campus, ~200 m from the right bank, and 50 m
above the active channel bed, of the Seti Khola. We chiseled rock chips (~2 cm) from a bare
and flat rock surface on top of the boulder that showed no evidence of erosion or weath-
ering. We extracted pure quartz minerals with standard mineral separation techniques
(Wittmann et al., 2007). The cleaned sample was spiked with ~300 pug of a Be carrier
(made from phenakite at the University of Hannover, Germany). The total Be inventory
(1°Be and °Be) was extracted with standard chemistry methods (Wittmann et al., 2007),
ignited to BeO and mixed with Nb for accelerator mass spectrometry (AMS). The sample
was analyzed at the AMS facility in Dresden/Rossendorf DREAMS, Germany, against the
secondary standard SMD-Be-12 (ref. (Akhmadaliev et al., 2013)). The °Be/°Be anal-
yses are traceable via cross-calibration to the primary standard NIST-SRM 4325 with a
10Be/?Be ratio of (2.79 & 0.03) x 10! (Nishiizumi et al., 2007).

We calculated the production rate P(0) and shielding factor S¢opo using a ~90m digital
elevation model (Jarvis et al., 2008). The elevation scaling scheme of P(0) was calculated
after Stone (2000) for the constant reference latitude of 30°N and a 1°Be sea-level cor-
rected (1.387 x 10° yr, Korschinek et al. (2010)) weighted mean of the published SLHL
production rates (Balco et al., 2009; Briner et al., 2012; Fenton et al., 2011; Goehring et al.,
2012). Apeut., Ay stopped and A, fast parameters are 160, 1,500, and 4,320, respectively
(Braucher et al., 2011). For the exposure calculation we used CosmoCalc 2.2 (Vermeesch,
2007).

The cosmogenic exposure age that we obtained from the top of the boulder is in excellent
agreement with the timing of a major earthquake in 1681 AD. While we cannot rule out a
simple coincidence based on this single date, the low concentration of cosmogenic °Be in
this boulder does not cater for any significant inheritance from a previous exposure history.
Instead, the boulder must have been moved or unearthed some 330 years ago, either by
highly competent water-sediment flows or by toppling. Paleohydraulic flow competence
estimates (O’Connor, 1993) based on the boulder’s size require a minimum flow velocity
of ~20 m s~ ! and a basal shear stress of >10° N m~2 for onset of motion. Even a scenario
in which the boulder was etched from the surrounding Pokhara Formation requires that

large floods or debris flows impacted the Pokhara fan surface as recently as 330 years ago,
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in addition to those events that we capture by our radiocarbon chronology. Subsequent
downcutting of the Seti Khola into the post-seismic debris would have been extremely
rapid at an average rate of 150 mm yr—! to satisfy the current channel-bed elevation. Al-
ternatively, and in the absence of any local undermining, a toppling of the boulder in dry
conditions is difficult to explain unless aided by strong seismic ground motion. In either
case, the strikingly low °Be concentration of Bhim Kali’s top independently supports
the geologically very recent and active history of the Pokhara Formation and its link to
large earthquakes and coeval sedimentation pulses, while providing a minimum age for
the Pokhara Formation. Historic photos (Fort, 1987) show that the Pokhara fan surface
featured many braided channels before it was transformed by the rapidly growing city. We
suspect that several other smaller boulders, which are visible today on Pokhara’s streets,
are remnants of a coarse surface deposit that had been quarried for building houses and

roads, as in common practice in Nepal (Fort, 1987).

X-ray fluorescence spectrometry (XRF)

We used a portable Analyticon NITON XL3t energy-dispersive x-ray fluorescence spec-
trometer (P-EDXRF) equipped with a CCD-camera and a semi-conductor detector for
analyzing the elemental composition of 29 samples that we took from bedrock, flood-,
debris-flow, and slackwater deposits in the Seti Khola and its tributaries. We crushed
bedrock samples placed into plastic bags, homogenized all samples using an agate swing
mill, and kept them dry at 55°C. We placed ~4 g of the powdery samples into plastic cups
and sealed them with a mylar foil (0.4 pm). The cups were mounted on the P-EDXRF
and measured for 120 s with different filters to detect specific elements (Table S4). We
calibrated the P-EDXRF using the certified reference material (CRM) GBW07312 (stream
sediment) Lot. Nr. 200560 and re-checked the calibration with the CRM every ten mea-
surements. Table S5 shows the recovery values for CRM GBWO0731. We took into account
only those elements that had minimum values two times larger than their 10 measurement
uncertainty (Al, Ca, Cl, Fe, K, Rb, Si, Sr, Ti) (Database S1). We analyzed the elemental
compositions in a hierarchical cluster analysis using Ward linkage and a Euclidean dis-
tance metric to identify classes of sediments with similar geochemical signatures. Prior to
clustering we transformed the data using centered log ratios to account for the require-
ments for measuring differences in a compositional dataset (Pincus, 1988). To quantify
the effects of measurement uncertainty on the classification results, we carried out 10,000

numerical experiments, each time deriving three classes. In each of these runs we added
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offsets to each data value randomly drawn from a normal distribution with zero mean and
standard deviation informed by the analytical measurement error of the XRF analysis.

None of these simulations changed the class membership of any of the samples.

X-ray diffraction analysis

We examined qualitative and semi-quantitative mineralogical compounds by x-ray pow-
der diffraction. An air-dried powdered sample (~1-10 pum particle diameter) was pressed
without regulation into the sample holder and analyzed with a RIGAKU Miniflex600
diffractometer at 15 mA /40 kV (Cu ka) from 3°to 80°(20) with a goniometer step ve-
locity of 0.02°steps and 0.5°min!. We used the software X-Pert HighScore Version 1.0b
by PHILIPS Analytical B.V. for semi-quantitatively identifying the mineral composition.
Within this program outliers were corrected, the kas-Peaks were eliminated, calibrated
to the quartz100 main peak (d = 3.34 ). Powder Diffraction Files (PDF) of the ICDD

(International Centre for Diffraction Data) were used to identify the peaks.

Outburst flood modeling

We used a 15 m-digital elevation model derived from topographic contours (Department
of Survey, 1996) to estimate the maximum sediment and water volume that hypothetical
landslide dams of four arbitrarily defined heights could accommodate at each channel pixel
along the Seti gorge. We derived volumetric estimates for dam heights of 300, 500, 1000
and 1500 m above the present river, and corrected for the upstream facing landslide-dam
volume. We calculated peak discharges from a dam-break model (Walder and O’Connor,
1997; O’Connor and Beebee, 2009) assuming a full breach, complete emtying, and the
highest reported dam-breach rate of 1000 m h=! (Walder and O’Connor, 1997) to constrain

the plausible maximum flow peaks.
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Figure A.7.: Stratigraphic logs of the Pokhara Formation. (A) Type location of the
Pokhara Formation within the main Seti Khola valley at Ramghat. The section exposes
laterally continuous and several meter-thick poorly sorted, clast-supported conglomer-
ates devoid of current structures, interpreted as deposits that rapidly settled during fully
turbulent, sediment-laden flow. (B) Type location of the valley-marginal deposits of the
Pokhara Formation at Magdi Khola. The lower 16 m of the section feature three units
of mud-matrix supported, fining-upward conglomerate that we interpret as debris-flow
deposits. The upper section between 19 m and 27 m has intercalated pebble conglomer-
ate, sand, silt, and clay layers with opposing paleocurrent indicators (flame structures)
topped by clast-supported fluvial conglomerate. (C) Detail of the basal debris-flow unit.
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Figure A.8.: Numerical simulation of potential lake volumes and peak discharge from
catastrophic lake outbursts, upper Seti Khola. (A) Shaded relief of 15-m digital elevation
model of the upper Seti Khola. (B) High-resolution satellite imagery (Source: Digital
Globe, Google Earth) showng three former 100-300 m high landslide dams in the gorge.
(C) River longitudinal profile; (D) Maximum lake volumes that could be impounded in
the Seti Khola for four hypothetical landslide-dam heights; (E) Estimated peak discharge
Q) following the catastrophic release of the water volumes computed in D.
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Figure A.9.: Time series of paleoclimatic proxies and calibrated *C dates (orange)
used to establish the timing of medieval earthquakes (gray dashed lines). Paleoclimatic
proxies include (A) §'80 from ice-core record of Dasuopu glacier in eastern Nepal as
a proxy of summer temperature (Thompson et al., 2000); (B) anomaly of total solar
irradiance (6 TSI, measured in [W m~2]) derived from cosmogenic nuclide production for
the northern hemisphere (Steinhilber et al., 2009); and (C) D from ice-core record of
Rongbuk glacier in eastern Nepal as a proxy of summer monsoon precipitation (Kaspari
et al., 2007). None of the three sedimentation phases in D show any consistent timing
with peaks of lows in these paleoclimatic time series. (D) Calibrated *C of large medieval
earthquakes in the Himalayas. Black horizontal lines are 95% HDIs. Purple lines show
locations of maximum posterior densities for the 26 *C dates of slackwater sediments in
the Pokhara region.
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Interpretation: Climate oscillations such as the Medieval Warm Period or the Little Ice
Age could have propted glacier advances and the subsequent formation of one or several
moraine dams in Sabche Cirque. If long-lived, such moraine dams can retain sufficient
amounts of meltwater to be released catastrophically during sudden dam collapse induced
by groundwater erosion, heavy rainfall, landslides, or avalanches into the lake, or strong
earthquake shaking. Alternatively, degrading mountain permafrost during warmer peri-
ods could have contributed to gradually lowering rock-mass shear strength. Higher air
temperatures could thus have favored lower triggering thresholds for large rock or rock-ice
avalanches from the high-altitude rock sloes in the Annapurna Massif. However, our 1*C
ages show no obvious correlation with extremes or trends in the available temperature
and rainfall paleoclimatic proxies, and thus offer little support for climatic triggers of

catastrophic medieval aggradation in the Pokhara valley.
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Table A.1.: Radiocarbon ages. The table also contains recalibrated #C ages reported
in previous studies (Yamanaka et al., 1982; Fort, 1987).

Lab.No Sample ID  Location Lat Long  Elevation Material Radiocarbon  Calibrated Reference
[°N] [°E] [m asl] age [Y BP] age [cal. Y BP]

BS-464 83-PQ523 Bijaypur 28.21  84.029 - Charcoal 390 &+ 110 420 £ 100 Fort (1987)
Khola

BS-465 83-PQ525 Bijaypur 28.21  84.023 - Wood 510 + 140 510 + 130 Fort (1987)
Khola

Gif-6220 83-PQ641 Phusre 28.18 83971 - Wood 450 £ 100 470 £ 100 Fort (1987)
Khola

- TH-719 Power 28.18  83.971 - Wood 7504+100/-90 710 + 90 Yamanaka
station, et al. (1982)
Phusre
Khola

- TH-720 Power 28.18 83.971 - Wood 970+100/-110 900 £ 110 Yamanaka
station, et al. (1982)
Phusre
Khola

- TH-721 Shharepatan 28.186 83.956 - Humic 1070 + 100 1010 + 120 Yamanaka

Silt et al. (1982)

- TH-722 Bijaypur 28.215 84.03 - Peat 590 £ 110 600 £+ 70 Yamanaka
Khola et al. (1982)

- TH-723 Bijaypur 28.218 84.031 - Peat 770+100/-110 750 + 90 Yamanaka
Khola et al. (1982)

COL1915.1.1 BIJ02 Bijaypur 28.219 84.029 820 Humic 772 £+ 46 720 £ 30 Yamanaka
Khola Silt et al. (1982)

COL1916.1.1 PH02C Power 28.18  83.968 730 Leaves 846 + 42 790 + 60 This study
station,
Phusre
Khola

COL1917.1.1 PHUSREO03 Phusre 28.183 83.951 740 Charcoal 944 + 46 870 + 60 This study
Khola

COL2150.1.1 SARA1-1 Saraudi 28.096 84.029 541 Wood 746 + 37 700 £ 30 This study
Khola

COL2151.1.2 MADHI2 Magdi 28.015 84.117 495 Charcoal 985 + 36 890 + 60 This study
Khola

COL2152.1.1 PH6 Phusre 28.175 83.976 703 Wood 880 £ 36 830 £+ 70 This study
Khola

Poz-69082 Phusre010 Phusre 28.175 83.982 705.59 Wood 875 + 30 820 £ 60 This study
Khola

Poz-69083 Phusre012 Phusre 28.175 83.982 697.81 Leaves 810 + 30 730 £ 30 This study
Khola

Poz-69084 Phusre013  Phusre 28.175 83.982 696.06 Wood 845 + 30 760 + 40 This study
Khola

Poz-69085 Phusrel4 Phusre 28.175 83.982 700.5 Charcoal 825 + 30 740 £+ 40 This study
Khola

Poz-69086 PhusreFa Phusre 28.185 83.958 728 Charcoal 910 £+ 30 850 £ 50 This study
Khola

Poz-69088 PRE 14C 1 Phusre 28.184 83.934 7479 Charcoal 595 + 30 610 + 40 This study
Khola

Poz-69089 GDO03 Gondang 27.958 84.112 479.02 Charcoal 890 + 30 830 £ 60 This study
Khola

Poz-69090 GDO06 Gondang 27.958 84.112 481.12 Humic 1110 £ 30 1020 £ 40 This study
Khola Silt

Po0z-69092 KBP03 Kalti Khola 28.218 84.027 824.99 Wood 695 + 30 640 £+ 50 This study

Poz-69093 TALO02 Tal Khola 28.117 84.105 583.42 Wood 830 + 30 750 £ 40 This study

Poz-69094 TALO5 Tal Khola 28.117 84.105 614 Wood 930 + 30 860 + 50 This study

Poz-69260 Anpu02 Anpu 28.109 84.116 590.56 Humic 950 + 30 870 + 50 This study
Khola Silt
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Table A.2.: Highest density intervals (HDIs) from Bayesian radiocarbon calibration
models using OxCal4.2 and the IntCall3 calibration.

Model Number (and %) of 95% HDIs overlapping with  95% HDI of dated leaves (Sample #)**
historic earthquake dates*
Single-phase uniform 25 (96%) 1169-1270 AD

(Poz-69083)
1046-1269 AD
(Col-1916.1.1)

Four-phase uniform 24 (92%) 1175-1260 AD
(1100, 1255, 1344, and (Poz-69083)
1505 AD) 1161-1254 AD
(Col-1916.1.1)
Four-phase exponential 24 (92%) 1181-1261 AD
(1100, 1255, 1344, and (Poz-69083)
1505 AD) 1160-1257 AD
(Col-1916.1.1)
Three-phase uniform 24 (92%) 1174-1260 AD
(1100, 1255, and (Poz-69083)
1505 AD) 1161-1253 AD
(Col-1916.1.1)
Three-phase exponential 24 (92%) 1181-1261 AD
(1100, 1255, and (Poz-69083)
1505 AD) 1160-1257 AD

(Col-1916.1.1)

*For the timing of the ~1100 AD earthquake we used a 95% HDI of 1020-1160 AD, based on a recent review of large Himalayan earthquakes
(Mugnier et al., 2013), and recalibration of published *C dates for that earthquake (Lavé et al., 2005).

** Bold font indicates overlap with the 1255 AD earthquake. Note that we,excluded the historic 1223 AD earthquake (Bollinger et al., 2014);
adding this event would, further increase the number of samples with HDIs containing earthquake dates in the middle column.

122



A. Supplementary Content: Study I

punoidyoeq aaoqe jsnl 11 yead Ajrsusjur mof (+)
poyruapt I yead jseol je (AJIsuajur mof —+
poyruopt &I syead 9seo e (AJSULUI ToMO] ++
poyrjuept €11 syeod jseo[ e (AJISULIUT WNIPOU +++
poynuapt I syrad gseol je (Ajsuojur Y3y +4+++
(poyryuept ¢-17 syyead jsed] 4e) Juetuodurod urewn {(puooes 1od syunod) Ljsuoqur soy3ry  +—+-+—++
ot + +++ (+)+ (+) (+)+ (+) A4+ ++ Ler) g0 pnduy GISM
++ +4++ (+)+ ++ At () Ioremspe[g ¢0 aud TISM
++ +++ (+)+ ++ 4+ ++++ pues 10 vdd 0TSM
(+) +++ ++ + S+t +++ LerD ¢0 J4d 6SM
(+) ++++ ++ (2) )+ 4+ ++ WYRMPR[S MS TUd 8SM
+ +++ (+)+ (+)+ ++t+ A () oeaspelS  MS TRI-DIH LSM
+ + ++++ (+)+ (&) ()4 A4+t ++++ TyeMR[S 10 MS HVUVS 9SM
++ +++ ++ ++ A el T0 Jeydwey GSM
(vtrep)
++ (+)++ + +++  +++++ +++ N *1q9ed €0 ¢ 19§ qrSm
(yuBm)
++ +++ +H++++ (Bt TN q9ed €0 € 193 BPSM
++++ +++ +++ (&) +H+t A20Ipag 10 ®eypues] ESM
+++ (+)++ +++ +++++ AP0Ipag udd GSM
+++ ++ +H++ }20Ipag ny nduy ISm
IaquinyN
0Vve-8L GETT-€L 0PST-1L Gre0-vL  08€1-€8 0V61-6¢ 089T-TL  €EVI-PL  <C99T-TL  T1991-¢L  9061-6L -Add
9)IUO[[LIOUT
-JUOIN ouIeN IN
ojopidy  spoquudury  Se[o-0YI() OYAONSNN  SILIO[Y)) -oyurorey]  ouIAg  wmsdAry  ojrmoroq 91101e) Z)Ien() [RISUIN [RLIOYRA ordureg -qer]

"UOIYRULIO RIBYNOJ 913 JO sj1sodap oZIs-Urell aul pue Jo0Ipaq Jo uoljsoduiod [eISUIN '€V 9[qel

123



Table A.4.: P-EDXRF specifications.

X-Ray source: Ag-anode
Umax ® Imax 2W

Umax 40 kV

Tmax 100 pA

Used filters Main 30 sec at 50 kV with 40 pA
Low 30 sec at 20 kV with 100 pA
Light 30 sec at 8 kV with 250 uA
High 30 sec at 50 kV with 40 uA

Table A.5.: Mineral concentrations and recovery values of the certified reference mate-
rial.

Mineral Certified concentrations Recovery values (%)
Al,O3 9.30% 101.6-112.1
Si02 77.29% 100.2-103.5
CaO 1.16% 99.6-102.7
K>O 2.91% 99.4-102.6
Fey O3 4.88% 100-101.6
Cl 163 pg/g dw* 93.8-104.2
Pb 285 g /g dw 100-102.3
Rb 270 pg/g dw 98.4-100.3
S 940 pg/g dw 88.6-106.6
Sr 24.4 pg/g dw 101.5-110.4
Ti 1510 pg/g dw 97.9-104.9
\% 46.6 pg/g dw 90.8-116.7
Zn 498 pg/g dw 98.4-102.9

*(non-certified concentration)
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Materials and Methods

Cosmogenic °Be exposure dating

To obtain independent erosion estimates, we collected samples of quartz-rich fluvial sands
from five tributary catchments along the Seti River. We sampled fresh deposits (Fig. 4.1)
upstream of the Pokhara Valley fan margins to exclude inheritance effects of actively
eroding valley fill, and to minimize human disturbances. The samples were dried and sieved
to the 250-1000 pum grain size fraction, and the pure quartz fraction was extracted using
weak HF leaching methods. Cleaned samples were spiked with ~300 ug of a °Be carrier
(made from phenakite at University of Hannover, Germany) with a concentration of 369.5
+ 2.0 pg/g. Cosmogenic °Be and stable °Be were extracted by using standard chemistry
methods (Wittmann et al., 2016), oxidized to BeO, mixed with Nb, and measured at the
accelerator mass spectrometry (AMS) facility in Dresden/Rossendorf DREAMS, Germany,
against the secondary standard SMD-Be-12 (Akhmadaliev et al., 2013). The 1°Be/?Be
analyses are traceable via cross-calibration to the primary standard NIST-SRM 4325 with
a 19Be/?Be ratio of (2.79 & 0.03) x 10-11 (Nishiizumi et al., 2007) recalibrated to a half-life
of 1°Be (1.387 £ 0.012) Myr (Chmeleff et al., 2010; Korschinek et al., 2010). Measured
10Be/Be ratios were corrected for blank influence using a processing blank ratio of (7.6
+ 2.4) x 10-16. For the basin-wide denudation analysis the total production rate of °Be,
P(0) in at g-1 yr~!, and the topographic shielding Stopo were calculated using the R
skyview factor package svf (Van doninck, 2016) routines from a 90-m SRTM-4 digital
elevation model (Jarvis et al., 2008). The elevation scaling scheme of P(0) was calculated
after Stone (2000) by linearly interpolating the scaling factors to the mean catchment
latitude. We used 3.94 4+ 0.2 at g=* yr~! (Heyman, 2014) as the regional representative
10Be sea-level high-latitude (SLHL) production rate. We used neutron- (Lneut, in g/cm?)
and stopped and fast muon-induced (LIij stopped and Llij fast, in g/cm?) attenuation
lengths of 160, 1500 and 4320, respectively (Braucher et al., 2011). Topographic shielding
was corrected on a pixel scale using a horizontal radius of 15 km, which is larger than
the average ridge-to-ridge valley width (~10 km). From the production rate map, we
extracted the respective mean P(0) of each catchment to calculate mean catchment-wide
denudation rates (Blanckenburg, 2005) assuming a spatially uniform rock density p of 2.65
g/cm® with a decay constant of the nuclide of (4.997 & 0.043) x 10-7 A yr—!. We further
assumed homogeneous quartz distribution and rock erodibility. We did not correct for

recent sediment contribution from landslides, nor did we correct for partial shielding by
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Figure B.1.: Field images of a) sampling location and b) sampling equipment (Photos
by Christoff Andermann)

seasonal snow cover at high elevations. Permanent ice cover is not present in the sampled

catchments, hence a correction is not needed.
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Appendix

Supplementary Content: This thesis

This supplementary content has not been submitted or published within one of the three
studies (Chapters 2- 4). This additional information is part of the entire thesis, completing

all chapters with supplementary tables and figures.
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C. Supplementary Content: This thesis
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Figure C.1.: Map of lithofacies including field locations. Additional map showing
the four lithofacies, their locations and estimated extend.
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/ Legend
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Ghachok Formation
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Figure C.2.: Map with outcrops visited in the field and sample locations in the
Pokhara Valley. Additional map showing the study area with all field locations from four
field campaigns.
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C. Supplementary Content: This thesis

Figure C.3.: Field images of re-exhumed tree trunks. A) Tree trunks in growth
position in and along Anpu Khola. B) Close-up of one of the two trees in the Phusre
Khola. C) Nicely washed-out tree trunk close to the water level in Anpu Khola. The
terraces behind are ~30 m high. D) Dated tree with in the Pokhara Formation some
12.5 m above water level. E) The biggest tree we dated; it stands out of the Pokhara
Formation within lithofacies F3; see Figure 4.1 for locations.
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Supplementary material completing Chapter 5
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Figure C.4.: Paleo-earthquake model and review. a) This map shows the extent
of the surface rupture of the 1255 and 1344/1408 AD events reviewed by Arora and Malik
(2017). Limitations and error bars in ages may misleads the extent and overestimates
the seismic hazard in the Himalaya. b) This map shows the overlap in estimated surface
rupture of the medieval earthquakes and the uncertainty associated with extending the
It clearly shows, that all three medieval earthquakes
(~1100, 1255, and 1344 AD are possible earthquake that may have triggered the sediment
pulses forming the Pokhara Valley. This figure is copied from Arora and Malik (2017).

surface rupture of each event.
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C. Supplementary Content: This thesis

ENGINEERING AND ENVIRONMENTAL

GEOLOGICAL MAP_ OF POKHARA VALLEY
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Figure C.5.: Geological map of the Pokhara Valley. Around Pokhara city, areas
of high hazards of sinkhole development and subsidence are drawn on the map. These
areas are all urban areas (Fig. 5.10, Koirala et al. (1998)).
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