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Abstract

It is hotly debated whether and how climate changes are recorded by terrestrial stratigraphy.
Basin sediments produced by catchment-alluvial fan systems may record past climate over a
variety of timescales, and could offer unique information about how climate controls
sedimentation. Unfortunately, there are fundamental uncertainties about how climatic
variables such as rainfall and temperature translate into sedimentological signals. Here, we
examine 35 debris flow fan surfaces in Owens Valley, California, that record deposition
throughout the past 125,000 years, during which climate has varied significantly. We show
that the last full glacial-interglacial cycle is recorded with high fidelity by the grain size
distributions of the debris flow deposits. These flows transported finer sediment during the
cooler glacial climate, and became systematically coarser-grained as the climate warmed and
dried. We explore the physical mechanisms that might explain this signal, and rule out
changes in sediment supply through time. Instead, we propose that grain size records past
changes in storm intensity, which is responsible for debris flow initiation in this area and is
decoupled from average rainfall rates. This is supported by an exponential Clausius-
Clapeyron-style scaling between grain size and temperature, and also reconciles with climate
dynamics, the initiation of debris flows, and observations from El Nifio events. The fact that
these alluvial fans exhibit a strong, sustained sensitivity to orbital climate changes sheds new
light on how eroding landscapes and their sedimentary products respond to climatic forcing.
Finally, our findings highlight the importance of threshold-controlled events, such as storms
and debris flows, in driving erosion and sedimentation at the Earth’s surface in response to

climate change.
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1. Introduction

Constraining the sensitivity of eroding landscapes and their sediment routing systems to
climatic forcing is a key challenge (Molnar & England, 1990; Allen, 2008; Champagnac et al.,
2012; D’Arcy & Whittaker, 2014). In particular, a major question is whether and in what
circumstances sedimentary signals of past climate changes are preserved in terrestrial
stratigraphic records with high fidelity (Blum & Térngvist, 2000; Whittaker, 2012; Armitage et
al., 2013; Foreman, 2014). Climate changes during individual glacial-interglacial cycles in
particular (over 10* to 10° year timescales) bring changes in ocean and atmospheric
temperatures, precipitation rates and distributions, glacial activity and ecosystems, among
other effects; and these changes impact landscape processes. This includes the erosion,
transport, and deposition of sediment, meaning climate changes may generate characteristic
signals in sedimentary deposits (Burke et al., 1990; Bull, 1991; Paola et al., 1992; Blum &
Tornqvist, 2000). For this reason, the sedimentary record is typically presented as an archive
of past environmental change on Earth. This assumption has recently been challenged by
studies proposing that sediment routing systems could be buffered against high-frequency
climate changes (Castelltort & Van Den Driessche, 2003; Allen, 2008; Armitage et al., 2013)
and that sediment transport processes might ‘shred’ signals of external controls (Hallet, 1990;
Humphrey & Heller, 1995; Jerolmack & Paola, 2010). Even if landscapes do react to climate
changes, major questions remain about how associated signals are transferred into the

stratigraphic record, over which timescales, and with what sensitivity.

Quantitative measures of precisely dated stratigraphy are essential for resolving these
guestions and understanding the effects of climate change on sedimentation. Here, we
present a detailed study of mountain catchment-alluvial fan systems in the eastern Sierra
Nevada, California, and we examine their sensitivities to known glacial-interglacial past
climate changes. We characterise the properties of the climatic signal preserved in these

debris flow-dominated fan deposits, and explore its physical origins.

2. Background

2.1. Theory and models

Basin deposits constitute a record of sediment transfer from eroding catchments to
depocentres, and therefore contain information about how erosion, transport and deposition
have adjusted to tectonic and climatic boundary conditions (Paola, 2000; Duller et al., 2010;
Allen, 2008; Whittaker, 2012). Climate is a key boundary condition because the efficiency of

weathering, erosion and sediment transfer is determined by climatic variables such as
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moisture availability and rainfall (e.g., Dixon et al., 2009; Steffen et al., 2009; McPhillips et al.,
2013).

Numerical models have been used to explore many open questions about the environmental
controls on basin fill (e.g., Paola et al., 1992; Allen & Densmore, 2000; Armitage et al., 2011;
Simpson & Castelltort, 2012; Allen et al., 2013). Coupled mountain catchments and alluvial
fans are good landscape systems to work with because they involve a range of sediment
transport processes, but are self-contained and relatively simple to conceptualise and
compare with natural examples. They also preserve volumetrically-closed records of rapid
erosion and sedimentation that can be easily studied in the field. Catchment-fan models have
represented climate change as step-changes or cyclicity in average precipitation rates, and
they predict characteristic responses in sediment volumes and grain size distribution delivered
to alluvial fans, and also fan architecture governed by aggradation and incision (e.g.,
Densmore et al., 2007; Armitage et al., 2011; Simpson & Castelltort, 2012; Allen et al., 2013).
Generally, models predict that an abrupt increase in precipitation rate would increase sediment
flux and cause the transient progradation of coarse-grained sediment on an alluvial fan, with
a reduced down-system rate of grain size fining that is preserved in stratigraphy (Densmore
et al.,, 2007; Armitage et al.,, 2011; Allen et al.,, 2013). In these models, an increase in
precipitation of 50-100% (realistic for glacial-interglacial cycles), approximately doubles
sediment flux, generating kilometres of fan progradation and a coarse spike in grain size on
the order of 210 mm (or a ~50% change) through a virtual fan cross-section. Laboratory
experiments also indicate that eroding landscapes should be sensitive to specific climate
changes, e.g., in precipitation rate (Bonnet & Crave, 2003). Physical models of alluvial fans
demonstrate that doubling rainfall rate and sediment flux to the fan causes transient
coarsening of grain size in stratigraphy (Rohais et al., 2012), an outcome consistent with

numerical models.

Overall, these modelling studies suggest that climate changes could be recorded by some
landscapes as diagnostic sediment flux and grain size signals delivered to terrestrial basins.
During the past ~1 Ma years, the greatest amplitude climate fluctuations have been associated
with glacial-interglacial cycles with a periodicity of ~100 kyr: it remains unclear whether
source-to-sink sedimentation is sensitive to such rapid perturbations (e.g., Densmore et al.,
2007; Armitage et al., 2013; Simpson & Castelltort, 2012). Further questions concern the
extent to which climatic signals might be obscured by ‘signal shredding’ within sediment
routing systems (e.g., Humphrey & Heller, 1995; Clarke et al., 2010; Jerolmack & Paola,
2010). Here, signals may be filtered by thresholds within the sediment transfer pathway
(Jerolmack & Paola, 2010), or suffer interference with sediment transport fluctuations arising

from self-organised behaviour (Paola & Foufoula-Georgiou, 2001). Models are also limited by
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necessary process simplifications, and usually do not fully account for factors like the intensity
distribution of precipitation, runoff modulators like vegetation cover, or sediment transport by
threshold-controlled hillslope processes (e.g., Fernandes & Dietrich, 1997; Tucker &
Slingerland, 1997; Istanbulluoglu & Bras, 2006). Consequently, it remains unclear from
theoretical work whether we should expect to find records of various climate changes in basin
stratigraphy or not. Empirical studies are therefore needed to evaluate landscape sensitivity

to known past climate changes.

2.2. Observations

Real sedimentary deposits can be examined to determine whether or not they preserve
records of known climate changes in the past. Glacial-interglacial climate cycles offer an
important opportunity to study landscape responses to environmental change, involving well-
constrained, high-amplitude climate fluctuations over short (10* to 10° year) timescales during
which tectonic conditions are typically constant. As a result, late Pleistocene-Holocene climate
changes have been invoked to explain alluvial fan deposits from a range of locations, often
correlated with the timings and magnitudes of fan aggradation and incision events (e.g., Bull,
1991; McDonald et al., 2003; Steffen et al., 2009; Miller et al., 2010). However, a long-standing
debate persists about the processes that construct alluvial fans and whether they record past
climate changes (e.g., Blackwelder, 1928; Beaty, 1963; Hooke, 1967; Bull, 1991). Where
precise chronologies are available, fan depositional events have been correlated to periods of
enhanced precipitation and storm intensity, e.g., in the south-western United States
(McDonald et al., 2003; Miller et al., 2010; Antinao & McDonald, 2013a,b; Fuchs et al., 2015)
and elsewhere (Steffen et al., 2009, 2010; Bekaddour et al., 2014).

In the subtropical Andes, Bookhagen & Strecker (2012) and McPhillips et al. (2013) used °Be
cosmogenic nuclides to infer that catchment erosion rates were significantly higher in the late
Pleistocene compared to the Holocene, potentially due to a wetter, stormier climate increasing
sediment supply by surpassing erosion thresholds. Also in the Andes, Steffen et al., (2009,
2010) and Bekaddour et al. (2014) were able to use stratigraphy, sedimentology and
cosmogenic nuclides to link fan aggradation sequences for the last ~100 kyr with wetter
periods in the late Pleistocene, followed by incision events when hillslope sediment supplies
were exhausted. In the Mojave Desert of California, an arid landscape, Miller et al. (2010)
demonstrated that alluvial fans aggraded at times of heavy rainfall associated with enhanced
monsoonal activity and warmer sea surface temperatures. Nearby in Baja California, Mexico,
Spelz et al. (2008) inferred that fan deposition was promoted by a wetter climate in the past,

and that fan terraces can be correlated with Milankovitch cycles during the last ~200 kyr.
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Finally, Duhnforth et al. (2007) examined debris flow-dominated fan deposits in Owens Valley
in particular, and identified discrete fan surfaces associated with marine isotope stages during
the last glacial cycle. These examples imply that catchment-fan systems can be sensitive to
glacial-interglacial climate changes in terms of their architecture, sedimentary characteristics
and deposition rates. However, some disagreements remain about whether fan aggradation
is promoted by wetter climates (Steffen et al., 2009, 2010; Waters et al., 2010; Bekaddour et
al., 2014; Owen et al., 2014), stormier climates (McDonald et al., 2003; Miller et al., 2010;
Antinao & McDonald, 2013a,b; Fuchs et al., 2015), arid climates and a decrease in vegetation
cover (Langbein and Schumm, 1958; Bull, 1991; Pelletier, 2014) or autogenic processes
unrelated to climate (Humphrey & Heller, 1995; Paola et al., 2009; Clarke et al., 2010).

Other studies have considered the sedimentological characteristics of the deposits
themselves. For example, grain size distributions can be quantified easily, are readily
preserved, and are known to record information about sediment supply, sediment transport,
and the sensitivity of catchments to tectonic and climatic boundary conditions (e.g., Stock et
al., 2007; Whittaker et al., 2007, 2010; Duller et al., 2010; Waters et al., 2010; Foreman et al.,
2012; Allen et al., 2013; D’Arcy et al., 2016). D’Arcy et al. (2016) measured rates of grain size
fining from apex to toe on channelized fans in Death Valley, California, and interpreted these
to record a decline in sediment flux of ~20% as the climate became more arid and precipitation
rates declined by ~30%. These results show that useful information can be retrieved from
deposit sedimentology, yet sedimentological responses to climate change (e.g., grain size)
still remain less well-studied in alluvial fan systems than geomorphological responses (e.g.,
incision and aggradation) or stratigraphic responses (e.g. progradation and retrogradation)
(Densmore et al., 2007; Armitage et al., 2011; Allen et al., 2013).

Here, we test whether the grain size distributions of alluvial fan deposits record a clear signal
of glacial-interglacial climate changes. Suitable study areas should meet five key criteria: (1)
the sedimentary deposits need to be mapped and dated at a high resolution in time and space;
(2) catchment-fan systems need to have experienced high-amplitude, well-documented
climate changes in the past; (3) other boundary conditions need to be constant, including
tectonics and bedrock lithology; (4) good sediment preservation is important, including the
rapid generation of accommodation, frequent abandonment of fan surfaces, and minimal post-
depositional reworking; (5) multiple discrete systems should be compared to evaluate the
reproducibility of any climate signal observed. We have targeted Owens Valley, California, as
an ideal study area meeting these criteria. We measure grain size distributions on 35 dated
fan surfaces, and show how they vary over the past 125 kyr in comparison with regional

palaeoclimate records. We then explore potential explanations for the climate sensitivity



173
174

175

176

177

178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200

201
202
203
204
205
206

observed, involving past glaciation, sediment sources, weathering of bedrock, and changes in

the mobility and transport of sediment by debris flows.

3. Study Area

3.1. Geomorphological and geological setting

We examined 8 individual mountain catchment-alluvial fan systems along the eastern front of
the Sierra Nevada range in California, located near the towns of Independence and Big Pine
(Fig. 1). From north to south, these are the Birch, Independence, Pinyon, Symmes, Shepherd,
North Bairs, South Bairs, and George Creek systems. They drain eastward into Owens Valley
constructing a coalesced bajada of large alluvial fans ~10 km long and with surface gradients
of 4 to 6°. These basin deposits have a total thickness of around 2.4 km (Pakiser et al., 1964),
and are not toe-cut by the axial Owens River or ancient lake shorelines at this location. The
fans occupy an elevation of 1500 to 2000 m above sea level, with the catchments rising to the
Sierra Nevada crest line at approximately 4000 m, eroding ~2000 m of total relief (Fig. 2a).
Catchment areas range from 8.0 km? (south Bairs Creek) to 33.9 km? (Shepherd Creek). All
catchments erode almost exclusively granitic bedrock—comprising Mesozoic granodiorites
and quartz monzonites of a number of plutons, particularly the Bullfrog, Dragon, and Paradise
granites—with very minor outcrops of metavolcanic rocks (Moore, 1981; Moore & Sisson,
1987). The alluvial fan sediments are therefore granitic in composition, and have been mapped
and dated in great detail by a number of previous studies (Zehfuss et al., 2001; Dihnforth et
al., 2007; Le et al., 2007; D’Arcy et al., 2015). Catchment hillslopes are steep (characterised
later) and vegetation cover is sparse, with low-density pine and juniper woodland at middle
elevations transitioning to desert scrub on the alluvial fans. Representative field photographs
are shown in Fig. 3. Sediment is supplied by widespread landsliding and steep scree cones,
weathering of exposed bedrock faces, and incision into glacial moraine deposits. The
catchments are dominated by hillslope processes, connected to the main channels, and as a
result their fans have been almost entirely constructed by debris flows (Bierman et al., 1991;
Whipple and Dunne, 1992; Duhnforth et al., 2007; Le et al., 2007).

The catchments are separated from the fans by the southern section of the Sierra Nevada
Frontal Fault Zone (SNFFZ), an active normal fault system generating a steep, range-
bounding escarpment striking north-north-west (Fig. 1). The SNFFZ was likely active from the
late Miocene onwards, and involved in the break-up of a pre-existing plateau (Phillips, 2008;
Jayko, 2009). The slip rate accelerated during the Plio-Pleistocene, attributed to lithospheric

delamination, but the current tectonic regime has been stable for >1 Ma (Wakabayashi &
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Sawyer, 2001; Jones et al., 2004; Stock et al., 2004; Clark et al., 2005; Jayko, 2009). Good
constraints are available for the displacement history of the frontal normal fault system for at
least the last 300 kyr (Gillespie, 1982; Martel et al., 1987; Zehfuss et al., 2001; Le et al., 2007).
Dated fault scarps give vertical displacement rates of 0.2 to 0.3 mm yr* on parallel fault strands
(Zehfuss et al., 2001; Le et al., 2007), summing to a total displacement rate of ~1 mm yr?
between the catchments and the valley. Scarp measurements also reveal that displacement
rate on the SNFFZ has been steady for at least 300 ka, with no changes in tectonic activity
during the last glacial-interglacial cycle (Martel et al., 1987; Zehfuss et al., 2001; Le et al.,
2007). Therefore, these catchment-fan systems have experienced constant lithological and
tectonic boundary conditions during the pronounced climate changes of the last glacial-

interglacial cycle, allowing the climatic control on sedimentation to be isolated.

3.2.  Modern and past climate

The catchments along the eastern escarpment of the Sierra Nevada occupy a rain shadow,
as the majority of precipitation originates from Pacific sources to the west (Fig. 4). Moisture
sources include extra-tropical cyclones, which occur during the winter months and last a day
or longer with precipitation intensities of 5-7 mm/hr; these mid-latitude storm paths are guided
by the polar jet stream and typically intensify during El Nifio (Antinao & McDonald, 2013a).
Additionally, atmospheric rivers carry storms along narrow jets from the tropical Pacific, and
can generate rainfall intensities of >10 mm/hr lasting a day or more. These storms occur
throughout the year, and are more intense when sea surface temperatures are warmer off the
coast of California (Persson et al.,, 2005). The remnants of tropical cyclones affect the
southwestern United States during late summer and autumn, and on average produce rainfall
intensities of about 5 mm/hr lasting 48 hours, although the most extreme hurricanes have
produced 10 mm/hr lasting for 24 hours (cf. Antinao & McDonald, 2013a). Finally, the North
American Monsoon delivers moisture from the eastern Pacific, Gulf of California, and Gulf of
Mexico during the summer and early autumn. The monsoon typically produces isolated
thunderstorms with rainfall intensities <10 mm/hr lasting a few hours, and heavy
thunderstorms can trigger severe runoff and debris flows (DeGraff et al., 2011). Known
thresholds for debris flow initiation are surpassed by rainfall intensities of 5-10 mm hr? for a
duration of 1-2 hours, and with greater rainfall intensities only short downbursts are required

to trigger a debris flow (Cannon et al., 2008; Coe et al., 2008).

In this study area, mean annual precipitation is 800-900 mm yr? at the top of the catchments
and decreases abruptly towards the east (Fig. 4b) (PRISM climate group, 2004; Kessler et al.,

2006). Average annual temperatures are as low as 0°C at the Sierra Nevada crest. At the fan
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toes in Owens Valley, average annual precipitation is 50-200 mm yr* depending on the year,
and mean annual temperature is 14-18 °C (NOAA National Climatic Data Center, 2014). In
summary, the study catchments experience a relatively dry climate today, with orographic
gradients in precipitation rate and temperature, and a substantial rainfall contribution from

storms that originate in various parts of the Pacific.

In the south-west USA, the climate during the last glacial period was significantly cooler and
wetter than today. Evidence for this includes dated lake shorelines (Orme & Orme, 2008) and
cores (Benson et al., 1996), vegetation records (Woolfenden, 2003), glacial moraines and
landforms (Phillips et al., 2009; Rood et al., 2011), and terrestrial oxygen isotope records
(Winograd et al., 1997, 2006), among other data (Phillips, 2008, provides a review). Parts of
our study catchments were occupied by valley glaciers during the coolest parts of the last
glacial-interglacial cycle, which have since retreated (Brocklehurst et al., 2008; Duhnforth et
al., 2008; Moore & Mack, 2008). Glaciation has produced stepped longitudinal profiles (Fig.
2a), U-shaped troughs in parts of the catchments (Fig. 3b), and glacial landforms. Time series
of glacial rock flour deposition in Owens Lake cores have also been described (e.g., Bischoff
et al., 1997). The maximum extent of glaciation varies significantly between the catchments
(Fig. 1). Some, e.g., Birch Creek and Independence Creek were fully occupied at the peak of
glaciation. However others, e.g., Shepherd Creek, Pinyon Creek, and the Bairs Creek
catchments, were only ever partly glaciated and have valleys unaffected by glaciation in their

lower reaches.

Several different methods have been used to estimate how much cooler and wetter the Last
Glacial Maximum (LGM) was compared to today. Pollen data from packrat middens in western
Nevada, at the same latitude as our study catchments, indicate the LGM was 5-8°C cooler
and 2.2-2.4 times wetter than today (Thompson et al., 1999). Similarly, oxygen isotope data
from ostracod fossils in southern Nevada suggests the LGM was at least 5.6°C cooler (Quade
et al., 2003), and hydrological restorations of pluvial lakes model the LGM as ~5°C cooler and
1.5-2.0 times wetter than present (e.g., Menking et al., 2004). Sensitive numerical models of
mountain glaciers in the southern Sierra Nevada require a temperature depression of 5.6°C
and a factor of 1.9 increase in total precipitation in order to simulate the correct spatial extents
known from mapped LGM glacial landforms (Kessler et al., 2006). Therefore, the LGM climate
is constrained at 5 to 6°C cooler and twice as wet (on average) than modern conditions, and
this represents the amplitude of glacial-interglacial climate changes in this area. Why was the
late-glacial climate wetter in the SW United States? Often, this is attributed to a southward
shift of mid-latitude westerly storms resulting from the presence of the Cordilleran and
Laurentide ice sheets, which may have split and deflected the polar jet stream (COHMAP

members, 1988; Oster et al., 2015). However, enhanced moisture transport from the tropical
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Pacific may also have contributed to wetter conditions in the SW USA at the LGM (Lyle et al.,
2012; Kirby et al., 2012).

Several continuous regional palaeoclimate records are also available. The Devil's Hole 580
record is a high-resolution terrestrial oxygen isotope curve from calcite veins in southern
Nevada, close to our study area (Winograd et al., 1997, 2006). Its chronology, based on
230Th/234U series dating, captures 10° to 10° year climate fluctuations (Fig. 5b), and is highly
correlated with past sea surface temperatures (Winograd et al., 2006). Also, a number of
alkenone-derived sea surface temperature reconstructions have been reported along the
Californian coast (c.f., Lyle et al., 2010), of which the ODP-1016 record in the Santa Barbara
basin (Yamamoto et al., 2007) is the closest to our study area (Fig. 5c). This shows modern
temperatures of ~16°C decreasing to ~12°C at the LGM, having gradually cooled from a peak
of ~18°C during the last interglacial (Fig. 5). This record is highly correlated with equivalent
sea surface temperature records from nearby locations (Lyle et al., 2010), although the

absolute temperatures naturally vary with latitude.

The timings of climate changes within the last glacial cycle are equally important for our
analyses as their amplitudes. Exposure dating of LGM (Tioga) moraines shows that mountain
glaciers advanced to their peak extents at ~26 ka, and retreated rapidly at 21 to 17 ka along
the entire eastern margin of the Sierra Nevada (Phillips et al., 2009; Rood et al., 2011). In
Owens Lake cores, Juniperus and other tree pollen dominate from 26 to 18 ka, before
declining from 18 to 10 ka as the drying climate allowed desert scrub to dominate
(Woolfenden, 2003). Juniperus abundance in particular is highly correlated with orbital climate
shifts captured by &'®0 records (Woolfenden, 2003) and is shown in Fig. 5d. Organic and
inorganic carbon input into Owens Lake also decreased abruptly between 26 and 20 ka
(Benson et al., 1996), and dessication events in the lake have been identified from 18.3 ka
onwards (Benson et al., 1996). The penultimate (Tahoe) glaciation was longer in duration and
more extreme, with moraines extending further down the catchments and their *Cl exposure
ages indicating retreat around 135 kyr ago (Phillips et al., 2009), in agreement with global
timings (e.g., Lisiecki & Raymo, 2009). Temperatures may also have been ~10 °C lower than
modern averages (Quade et al., 2003). This was followed by a rapid decrease in Juniperus
pollen in Owens Lake cores between 126-130 ka (Woolfenden, 2003), and a rise in
temperature indicated by the Devil's Hole 820 curve, placing the local last interglacial at 120
to 130 ka (Winograd et al., 2006).
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3.3. Debris flow-dominated fan deposits

The eight catchment-fan systems studied here (Fig. 1) are dominated by debris flows
(Duhnforth et al., 2007; Le et al., 2007; D’Arcy et al., 2015), with only minor reworking by
streams and small superficial sheet-floods. Many studies have shown that debris flows can be
generated by surface runoff (e.g., Coe et al., 1997; Cannon et al., 2008; Kean et al., 2011,
2013; Hobley et al., 2012; Staley et al., 2014; Rengers et al., 2016), including in this study
area (DeGraff et al., 2011). As such, debris flows are highly sensitive to triggering storms when
sediment supply is abundant and non-limiting (Kean et al., 2011, 2013). Individual debris flows
in the Sierra Nevada can move >1.5 million m?® of material in the most extreme cases and flow

with velocities between 2-8 m s (DeGraff et al., 2011).

The sediment transport mechanics of debris flows are not fully understood and are
considerably more complex than for streams (e.g., Iverson et al., 2010). Nonetheless, the
sedimentology of debris flow deposits contains useful information about properties such as
event size and discharge (McCoy et al., 2013). For example, the grain size distribution carried
by some debris flows in the USA has been shown to be coarser in larger flows (Coe et al.,
2008; McCoy et al., 2012, 2013), indicating empirically that more powerful flows may transport
coarser material, even if the underlying equations remain unknown. One key characteristic is
the segregation of larger particles to the tops, sides, and fronts of flows, resulting from internal
fluid pressure gradients and buoyancy forces (Johnson et al., 2012). Debris flow deposits
therefore have distinct gravel channels bound by coarse, boulder-rich lateral levees exhibiting
upward-coarsening (Fig. 3e). These properties are obvious on the alluvial fan surfaces in
Owens Valley, which comprise a network of abandoned and cross-cutting debris flow channels
and levees carrying boulders typically 0.5 to 3.0 m in diameter, but sometimes 10 m or larger.
Individual flow deposits are 10s of metres wide, measured from levee to levee, and sometimes
inherit pre-existing flow pathways (Fig. 3d, f). Due to the clear channel and levee segregation,
depositional relief and inverse grading in these deposits, we interpret them to represent typical
debris flows (Whipple & Dunne, 1992).

Debris flows rapidly transfer sediment from catchment sources to fans, and may therefore also
rapidly transmit signals of environmental forcing, e.g., climate, to basin deposits. They form
thick aggraded surfaces on the Owens Valley fans (Fig. 3c) that are well-preserved. A total of
35 fan surfaces, distributed across the 8 fans, have been mapped and dated by previous
workers using (i) 1°Be cosmogenic nuclide exposure dating (Zehfuss et al., 2001; Dihnforth
et al.,, 2007; Le et al., 2007), and (ii) weathering fractures in surface boulders whose
dimensions can be precisely calibrated as age indicators using the °Be chronology (D’Arcy et

al., 2015). The stratigraphy for these systems is summarised in Fig. 5a. Each dated surface

10
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contains deposits from many debris flow events of similar age, and the various units are clearly
exposed around the fan apices, dissected by younger surfaces that incise into older deposits
(Duhnforth et al., 2008; D’Arcy et al., 2015; Fig. 3c). All of the fans show past incisional events
(Fig. 5a), but the timings of incision vary from fan to fan. Modern, active debris flow channels
on all 8 fans are now incising into older deposits, including Holocene sediments. Other than
the timing of ancient incision events, few differences exist between the fans. Their debris flow
deposits are comparable in terms of sedimentological properties and overall sizes, and the
fans share the same depositional lengths, granitic source lithology, and tectonic setting. As a
result of incision and avulsion, older surfaces quickly become inactive and are abandoned
within 10-20 kyr (D’Arcy et al., 2015; Fig. 5a).

4. Methods

4.1. Sampling

As grain size is a fundamental characteristic of sedimentary deposits, we measured grain size
distributions across debris flow fan surfaces, in order to test whether these data record
sensitivity to past climate fluctuations. Debris flow deposits were sampled on 35 fan surfaces,
distributed across 8 catchment-fan systems in Owens Valley. These deposits have been
mapped and dated in detail by previous workers using °Be cosmogenic nuclides and
correlation techniques (Zehfuss et al., 2001; Duhnforth et al., 2007; Le et al., 2007; D’Arcy et
al., 2015).

Grain size was measured in the field by Wolman point counting (Wolman, 1954) at 292
different sampling localities. Localities were chosen where the fan deposits exhibit clear
characteristics of debris flow deposition (inverse grain size grading and a clear segregation of
material into channels and levees; see section 3.3).. At each surface locality (see
supplementary information for locations), the long-axis diameters of a minimum of 100
randomly-selected clasts above 1 mm in size were recorded. Separate counts were made for
debris flow channels (15,737 clasts in total) and lateral levees (14,878 clasts). We did not
sample finer particles as their mobility is likely to be high and fines have been documented in
detail from cores through the Owens Lake sediments, which represent the end of the
depositional system and are more suitable for characterising the very fine fraction (Benson et
al., 1996; Menking, 1997). Our grain size data therefore describe the gravel fraction that is
well-preserved on the fans and not affected by aeolian modification. Grain size was sampled
from deposits on the debris flow fan surfaces, but where sub-surface sections were visible

(e.g., incised sections) we detected no differences in the gravel grain size distribution
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compared to surfaces We characterised the fining rate from apex to toe on the Q4 (Holocene)
surface of the Shepherd Creek fan (Fig. 6) to constrain any effects arising from down-system
fining. For all other fan surfaces we restricted our grain size sampling to the upper 3 km of the
alluvial fans, to avoid potential fining effects, and also because many older surfaces are only
exposed near the fan apices (Fig. 1). On each dated fan surface, an average of 8 different
localities (a minimum of 3 and a maximum of 12) were sampled. This ensures that the overall

grain size distributions are spatially representative.

Our analysis relies on the assumption that the gravel grain size distribution is not significantly
altered by post-depositional processes. In our Wolman point counts, we avoided clasts that
were obvious weathering products, e.g., thin sheets of granite that had been exfoliated from
boulders by superficial weathering. We selected localities on stable parts of older surfaces,
away from younger flow events, and desert pavement formation is minor in Owens Valley.
While we document no correlation between deposit age and grain size fining, our data offer
the opportunity to evaluate the importance of any post-deposition effects, which we revisit in

section 6.

Sediment sources were also sampled in two catchments, to provide a comparison with the
fans: Independence Creek, which is larger (25.6 km?) and was fully glaciated at the LGM, and
Symmes Creek, which is smaller (11.8 km?) and was partially glaciated (Fig. 1). We again
used Wolman point counting to measure the surface grain size distributions of hillslope
landslides (3 sites), steep scree cones (4 sites), and glacial moraine deposits (11 sites) in
each catchment, using identical methods to the debris flow fan deposits described above.
These represent the major sediment sources in this area. The locations of moraine deposits
in Fig. 1 follow the map of Moore and Mack (2008), but were refined in the field and using
high-resolution aerial imagery. Slope distributions for the parent catchments were derived from
the National Elevation Dataset (NED) digital elevation model, which has horizontal and vertical
spatial resolutions of 9.0 and 1.5 m, respectively, in this area (Gesch et al., 2002). All data are

provided in the supporting information.

4.2. Data analyses

For each dated fan surface, the Wolman point counts from every locality were compiled into a
single cumulative grain size distribution curve. In order to convert the grain size data into time
series, we extracted the median (Dso) and 84™ percentile (Ds4) particle diameters from each
distribution curve. We assign uncertainties to the surface-averaged Dso and Dss values equal
to £1 standard deviation among all sampled localities per fan surface (representing the spatial

variability in these grain size percentiles on each surface). In other words, if each grain size
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percentile is calculated at every sampling location on a single fan surface, there will be some
variability in the values of Ds; and Dss measured. We use this spatial variability to place

uncertainties on the grain size percentiles calculated for each fan surface as a whole.

We also repeated the same analyses on the data, but binned across all 8 alluvial fan systems,
i.e., grain size data from all Q4 localities were assembled into a single cumulative distribution
curve representing all Q4 units across all fans, and likewise for each other unit. We describe
these data as ‘stratigraphic averages’, and assign them the mean ages for each unit. This
smoothing technique reduces the temporal resolution of the data set, but increases the size
of the data populations to produce Dsp; and Dss measurements that represent the full local
landscape response by binning and stacking the 8 systems and increasing the signal/noise
ratio. These stratigraphic averages are plotted on all graphs using star symbols to distinguish
them from individual fan surface data. Again, uncertainties on the stratigraphic average Dso
and Ds4 are calculated by measuring these grain size percentiles at each individual sampling

site, and taking +1 standard deviation of these values.

The grain size percentiles of the 35 dated fan surfaces, plus stratigraphic averages, can be
treated as time series and compared with palaeoclimate records. For this purpose we favoured
the benthic Pacific 5*80 stack of Lisiecki and Raymo (2009) (Fig. 5b) as a general record of
the last glacial-interglacial cycle with a high signal/noise ratio, and the ODP-1016 sea surface
temperature reconstruction of Yamamoto et al. (2007) as a regional record of temperature

located just offshore California, close to our study area.

The alluvial fan surface ages are based on those recompiled and recalculated by D’Arcy et al.
(2015) using the °*Be measurements from previous studies (Zehfuss et al., 2001; Le et al.,
2007; Duhnforth et al., 2007), and readers are directed to this publication for a full account of
the fan surface dating. Typically, the age uncertainties are less than ~10 kyr for surfaces
younger than 50 kyr, and 10-20 kyr for older deposits up to Q1 on Birch Creek, which is the
oldest surface, and this range includes the timespan over which each surface was active.
However, because the the Q1 surface on the Birch Creek fan must date to the last interglacial
period we pin this surface at 122.5 ka and adjust the chronology of D’Arcy et al. (2015)
accordingly (see supporting information). The uncertainties on fan surface ages remain
unchanged and are described by D’Arcy et al. (2015). A full account of the fan surface age
constraints is included in the supplementary material. Data were analysed using OriginPro
v.9.1 and ArcGIS v.10.3.
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5. Results

5.1. Down-fan rates of grain size fining

Figure 6 shows the Dso grain size (a) and the Dsgs grain size (b), along the full ~10 km length
of the Q4 (Holocene) surface of the Shepherd Creek fan, for both debris flow channels (solid
black) and their lateral levees (open red). In general, the grain size fining rates are low
compared to the actual grain sizes measured, which we attribute to the physical properties of
the debris flows in this area. The Dso decreases by 0.9 +0.2 mm km?, from an initial input grain
size of 25 +1 mm in the channel, while Dgs simultaneously decreases by 2.1 #0.4 mm km™,
from an initial grain size of 39 £2.0 mm. These values represent 3.5-5.0% of the initial grain
size, respectively. Similarly, Dso data from levee deposits show negligible downstream fining
over the 10 km fan length; Dss decreases by 7.1 +1.1 mm km™ from an input value of 111 +5.0
mm, a fining rate which is 6% of the initial grain size. The low down-system fining rates indicate
that small differences in distance from fan apex to measurement site are indeed unlikely to
significantly affect grain size measurements for debris flow deposits in this study. Furthermore,
all our subsequent sampling localities lie within the upper 3 km of the fans (blue box), except
on the Birch Creek fan, where older surfaces are exposed at the base of the fan (see Zehfuss
etal., 2001; D’Arcy et al., 2015). Therefore, grain size data from the Birch Creek surfaces may
be slightly finer in comparison to the other systems, and we consider the importance of this

later.

The down-fan fining effect is smaller than the spatial variability in grain size between individual
sampling sites on the same dated fan surface. On average, grain size varies by 20-25% of the
median between sampling sites on a given surface, which is to be expected because surfaces
comprise deposits from multiple flows that are themselves spatially variable. This underscores
the importance of spatial averaging, and making repeat measurements on each dated surface
to converge on a grain size distribution that is representative for that surface overall (see
Methods). In our subsequent analyses, Dso and Dss values are extracted from the cumulative
grain size distributions that include all localities measured on each surface. Error bars show
the standard deviation of Dsp and Dss if they are calculated separately for each sampling site,

and therefore display the spatial grain size variability per surface.

5.2. Grain size measurements

In Fig. 7 we show cumulative grain size distribution curves for each stratigraphic unit as a
whole (panel a, combining all fan systems), and for every dated fan surface separately (b to

i). These are coloured by stratigraphic unit, with warm colours corresponding to surfaces
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deposited under interglacial climatic conditions (Q1, Q4, modern), and cool colours
corresponding to surfaces deposited under glacial climatic conditions (Q2, Q3). Each
cumulative grain size distribution has a sigmoid form with the majority of clasts 10-100 mm in
diameter. Levees are ~30 % coarser than channels deposits on average, which is partly due
to grain size segregation (e.g., Johnson et al., 2012), and we do not identify any uni-directional
changes in this percentage of segregation over time. In all examples, the ‘glacial’ surfaces
(cool colours) are finer-grained than the ‘interglacial’ surfaces (warm colours), by 10s of mm.
The last interglacial (Q1, yellow) data are highly comparable to the current interglacial data
(Q4, red, and Modern, pink), and always coarser than Q2 and Q3 surfaces. All 8 fans show
similar grain size distributions in terms of percentiles and the differences between surfaces,
so it is meaningful to combine these data into composite curves for each stratigraphic unit
(panel a). These illustrate clearly how the Q1, Q4 and modern deposits are significantly

coarser-grained than the Q2 and Q3 deposits.

These curves can be converted into time series by extracting the Dso and Dss percentiles
(Tables 1 and 2). These are plotted against surface age in Fig. 8, and compared with the
benthic Pacific 880 stack of Lisiecki and Raymo (2009) as an illustration of climate during the
past ~125 kyr (blue curve). In all four percentile series, grain size is significantly coarser in
warmer interglacial periods and finer in cooler glacial periods, typically doubling as the climate
warmed and dried from the LGM to present. Grain size is coarser in lateral levees than flow
channels, as expected. There is a strong and sustained correlation between grain size and
past climate, which is equally apparent in other percentiles of the grain size distributions. The
Dso reaches a minimum of ~15 mm (channels) and ~20 mm (levees) during the glacial period
and increases to 25-30 mm during the current and last interglacials. The Dgs increases from
~30 mm (channels) and ~50 mm (levees) in the glacial period to around 60-80 mm (channels)
and 70-90 mm (levees) in the interglacial periods. The rate of fining as the climate cooled after
the last interglacial is slower than the rate of coarsening after the LGM, mirroring the
asymmetry of the glacial-interglacial cycle. The response timescale is also much shorter than
the periodicity of one glacial-interglacial cycle; effectively as short as the temporal resolution
of our data (or shorter). We also note that while Dsg and Dgas are both calculated from the same
grain size distributions, the channel and levee data sets represent independent grain size
counts yet both show strong correlations with palaeoclimate. Furthermore, the absolute grain
size values and the amplitude of variability through time is the same (within uncertainty) on all
8 fan systems; therefore we do not discriminate between the fans in Fig. 8. The signal

amplitude is also larger than the grain size variability on a given fan surface (y error bars).

As the data from Birch Creek were collected further down the length of the fan than for the

other systems, these points may be slightly finer-grained than for the other fans. Figure 6
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indicates that this effect is likely to be very small, at most resulting in a 2-5 mm difference for
Dso for example. Therefore we do not attempt to apply a correction for this, which would make

no material difference to Fig. 8.

Inset panels in Fig. 8 show the grain size series plotted directly against the benthic Pacific
580 stack (Lisiecki and Raymo, 2009). Fan surfaces are coloured by age, from dark blue at
the last interglacial to green, yellow and orange in the glacial period, and red in the Holocene.
These show positive correlations between grain size and lower 30 values (warmer climate,
reduced continental ice cover), and there is no evidence for hysteresis or directionality in the
grain size sensitivity to climate. Stratigraphic averages are plotted as black stars and are fitted
with power laws (which represent the data better than other regressions, R? around 0.8-0.9),
because these points have the greatest signal/noise ratio. These regressions generally show
that grain size is related to 380 by an exponent of 2-3, i.e., this is a non-linear signal and the
sensitivity of grain size to climate increases with warming. The exponents are similar between

channels and levees, but slightly variable between Dso and Dga.

5.3. Sediment sources

Sediment sources in the Sierra Nevada catchments could exert a control on the grain size
distribution delivered to fans, so it is important to characterise them. Frequency distributions
of surface slope (Fig. 9a) show similar patterns in all catchments, with most slopes between
20° and 50° and significant proportions of hillslopes exceeding ~30°. Sediment supply is
therefore largely from hillslope processes and extensive landsliding (Fig. 3a-b). Slopes are
slightly lower on average in the most heavily glaciated catchments (Birch Creek and
Independence Creek), and formerly-glaciated stepped troughs and cirques are clearly visible
as zones of low slope in Fig. 9b. However these glacial troughs are also surrounded by some
of the steepest slopes in this landscape, especially in the upper catchments where they can

exceed 60°.

The main sediment sources in the catchments are (i) steep and coarse-grained scree cones
shed from steep bedrock faces and confined to valley edges; (ii) hillslope landslides that can
propagate directly into active channels; (iii) unsorted moraines left behind by past glaciers that
have now retreated; and (iv) a minor contribution from direct scouring of bedrock. Each of
these sediment sources are sampled by debris flows, and representative photographs are
shown in Fig. 10. We sampled each major sediment source in the Independence Creek and
Symmes Creek catchments and their cumulative grain size distributions are shown in Fig. 11a.
The catchments are not discriminated because the grain size distributions are similar for each

sediment source, despite the limited number of sampling sites, which we attribute to the
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uniform lithology and other boundary conditions across this study area (see section 3). Scree
cones are shown in black and are an order of magnitude coarser than landslides (red) and
moraines (light blue). Scree cones mostly supply large granite blocks whose sizes are
predetermined by joint spacing (Fig. 10b). Moraines provide an intermediate grain size source,
with Dsg ~40 +5.1 mm and Dss between 100 +26.4 mm and 113 +6.0 mm, while landslides are
finer with Dsg between 30.5 and 33.0 mm and Dss around 82 £18.3 mm. For comparison, grain
size distributions of channels and levees are shown for the modern (yellow) and Q2c (dark
blue) units in Fig. 7a, as these represent the coarsest (interglacial) and finest (glacial) end-
members from the fans. Apart from the scree cones, the fan deposits are only slightly finer-

grained than the sediment sources.

As an alternative way of comparing the sediment sources and fan deposits, we have shown
the Dso values in Fig. 11b. The stars show the stratigraphic averages from Fig. 8, and the
coloured boxes show Dsp 1 standard deviation for moraines (blue) and landslides (red) as
sampled in the Independence and Symmes Creek catchments. These are also quoted in Table
3. On average moraines are 5-15 mm coarser than landslides and this difference is similar to

the overall amplitude of the climate signal recorded in grain size.

6. Discussion

6.1. The nature of the climate signal preserved

These debris flow fan systems along the eastern front of the Sierra Nevada, California,
preserve in their grain size distributions a striking record of climate changes during the last
glacial-interglacial cycle. The flow deposits are significantly coarser-grained during the warm
and dry climates of the current and previous interglacials, and finer-grained during the cooler
and wetter glacial period. The amplitude of the signal is large (10s of mm), and a 5-6°C
warming and an approximate halving of average rainfall rates has led to a doubling of grain
size since the LGM, with Dsg increasing from ~15 mm to ~30 mm. The signal may be non-
linear (inset panels of Fig. 8), increasing in sensitivity with warming of the climate.
Fundamentally, our results show that these fan systems have a strong and sustained
sensitivity to orbital climate forcing over 10* to 10° year timescales, leaving behind a signal
that can be readily detected in basin sediments. The response timescale is an order of
magnitude shorter than the periodicity of glacial-interglacial cycles—at least in this debris flow-
dominated landscape with rapid source-to-sink sediment transfer—and there is no evidence
for significant signal shredding or buffering prior to deposition. The similarity of our results in

all 8 catchment-fan systems is evidence for reproducibility in an area where tectonic and
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lithological boundary conditions are constant, and means all 35 dated fan surfaces can be

combined to reconstruct a detailed time series of deposition during the past ~125 kyr.

Where does this climatic signal come from? Potential explanations include changes in
sediment supply and/or mobilisation, and we explore both of these possibilities in sections 6.2
and 6.3. However, we first note that the changes in grain size are unlikely to be explained by
post-depositional winnowing and alteration of the fan surfaces. In-situ processes could
conceivably change the grain size distributions of these sediments after deposition.
Weathering of large clasts could produce finer material and reduce the average grain size
(although we avoided measuring obviously exfoliated sheets of granite, see Methods).
Selective removal of fines or desert pavement formation could do the opposite, although we
sampled gravels coarser than 1 mm so aeolian processes can be excluded, and desert
pavement formation is minor. Ultimately, if the grain size changes in Fig. 8 were due to post-
depositional effects, a very unlikely combination of variable rates and directions of grain size
evolution would be required to explain how Dso could rapidly halve within 20 ka, remain
relatively constant for a further 50 ka, before increasing again thereafter. Given the strong
correlations between grain size and 30, which has itself fluctuated with an irregular pattern
and a variable rate through time, the simplest interpretation is grain size is recording climate

changes, and we proceed under this assumption.

6.2. Sediment source effects on grain size export to the fans
6.2.1. Transient exposure of moraines and glacial effects

Figures 10 and 11 characterise different sediment sources in two of the study catchments.
Moraines and landslides export grain sizes that are only slightly coarser than the debris flows
deposits, and one potential explanation for the grain size signal is that the relative contributions
of these sources have changed over time. As shown by Fig. 11, the Dso of moraines is ~10
mm coarser than for landslides. However, given the amplitude of the changes in Dso over time
(15 mm), moraine sediments would need to supply the majority of Q1 and Q4 sediments by

volume for this to be a viable explanation.

We can use the Independence Creek and Symmes Creek catchments to place first-order
constraints on the volumetric contributions of moraine sediments to the fans. These two
catchments have moraines with total plan-view areas of 1.5 Mm? and 0.8 Mm?, respectively
(Fig. 1). If we assume that the entire moraine surfaces have been lowered at a time-averaged
rate of 1 mm yr? since deglaciation at 18 ka, we estimate the respective volumes of moraine

material exported to the fans to be ~27 Mm?® and ~14 Mm3. As a comparison we can estimate

18



621
622
623
624
625
626
627
628
629
630

631
632
633
634
635
636
637
638
639
640
641
642

643
644
645
646
647
648
649
650
651
652
653
654
655

the total volumes of mapped Q4 (post-glacial) sediments on the Independence Creek and
Symmes Creek fans by assuming an average thickness of 10 m (matching our field
observations, e.g., Fig. 3d) and multiplying this by their plan-view areas (Fig. 1), giving 114
Mm?3 and 208 Mm3, respectively. In this scenario, the moraines would only have supplied
between 7 and 24% of the total Q4 volume. These are simple order-of-magnitude
approximations only, but even if a full quarter of the Q4 material was derived from moraines
(i.e., if the surfaces were lowering even faster than 1 mm yr?), the ~10 mm difference in Dso
(Fig. 11b) would still be diluted to a coarsening effect of only ~2 mm in the fan deposits,
demonstrating that moraine evacuation cannot explain the grain size changes we observed

on the fans.

Furthermore, we expect that releasing moraine material at the timing of deglaciation ~18 ka
ago (Rood et al., 2011) would generate an initial supply of coarse sediment that subsequently
would decay as the moraines are eroded and exported to the fans. Instead, we observe a
continued coarsening as the climate warmed, even long after deglaciation while moraines and
other paraglacial sediment sources are presumably being volumetrically depleted.
Additionally, the inset grain size-5'0 plots in Fig. 8 show that the trajectory of grain size
change is the same regardless of whether the climate is cooling or warming. This is important,
because a lack of hysteresis (directionality in the signal) implies that the grain size supplied to
the fans is the same for a given temperature, irrespectively of whether glaciers are advancing
or retreating. In other words, all the potential sediment supply processes associated with
deglaciation (evacuation of moraines, enhanced landsliding, paraglacial supply, etc) appear

to have no detectable effect on the sensitivity and response of grain size to climate.

These considerations suggest that it is not possible for transient moraine erosion or paraglacial
sediment supply to explain the grain size changes shown in Fig. 8. Additionally, our study
catchments each experienced different spatial extents of glaciation in the past. Some of them
were fully glaciated right down to the fan apices (Birch Creek, Independence Creek), while
others were only glaciated in their upper reaches (e.g., Pinyon Creek, South Bairs Creek), and
consequently the moraine volumes in the catchments also vary (Fig. 1). Yet despite this, all 8
systems show similar grain size export through the glacial-interglacial cycle (Fig. 8) and cannot
be distinguished within uncertainty. This also implies that the intensity of glaciation in the
catchments does not exert a control on the grain size distributions of the fan deposits. Over-
steepened hillslopes in formerly glaciated parts of these catchments are undoubtedly
generating scree cones and debris (e.g., Fig. 3a, b; Fig. 10a), although the size distribution of
this material is mostly predetermined by bedrock jointing and there is no evidence this has

changed in phase with climate throughout the last 125 kyr.
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Figure 11a also shows measured grain size distributions for scree cones in the Independence
Creek and Symmes Creek catchments. Scree cones provide large, metre-scale blocks and
little finer material (see also Fig. 10b), and their grain size distributions only marginally overlap
with those measured on the fans. The changes in Dsg and Dss We document in Fig. 8 reflect
systematic shifts in the grain size distributions across all particle sizes on the fans, and cannot
be explained by only increasing or decreasing the supply of very coarse material (see Fig. 4).
Given that scree cones deliver so little gravel (Figs 10b and 11a), we expect that significantly
changing their volumetric contributions to the fans would act to change the shapes of the grain
size distributions in Fig. 4, and extend their long tails in a way we do not observe in any of the
deposits. There is also no evidence that very large blocks can be crushed into gravel over
such short transport distances (Fig. 6). Furthermore, the same arguments apply about the lack
of hysteresis in the grain size-5'®0 records and the sustained coarsening long after
deglaciation (Fig. 8). For example, if deglaciation exposed more scree cones in the
catchments, this effect would need to continue increasing throughout the Holocene long after
the glaciers retreated, and is also undetectable when grain size is plotted against the 50

record (Fig. 8, inset panels).

In summary, the sustained coarsening long after deglaciation; the lack of hysteresis and
directionality in the grain size-5'%0 plots; and the consistency of the grain size changes in all
8 fans despite differences in past glaciation, together lead us to conclude that paraglacial
sediment supply cannot be the primary explanation for the data in Fig. 8. The shapes of the
grain size distributions measured on the fans, as well as the specific timings of grain size
changes we observe in Fig. 8, indicate that changing the supply of sediment from coarse-
grained scree cones cannot explain our observations from the fan deposits either. More
fundamentally, whatever the grain sizes supplied from the hillslopes, all this material still has

to be transported to the fans for any effect to be captured in the debris flow deposits.

6.2.2. Changes in grain size production by weathering

Additionally, the grain size distribution of sediment simply generated on hillslopes by
weathering could have changed as a direct result of climate fluctuations during the last 125
kyr. For example, sediment with a longer hillslope residence time tends to be finer-grained as
a result of prolonged chemical and physical weathering (Attal et al.,, 2015), and the
fragmentation of particles plays an important role in setting grain size distributions (Allen et
al., 2015). Today, our target catchments experience strong orographic gradients in climate, as
a result of ~2000 m topographic relief and the rain shadow imposed by the Sierra Nevada.

From the tops of the catchments to the fans, temperature varies by >15 °C and precipitation
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rate decreases by a factor of ~4 from almost 1000 mm yr? to <250 mm yr? (Fig. 4b). This
spatial gradient in climate is more than twice as extreme as the amplitude of glacial-interglacial
climate fluctuations, which are 5-6 °C and a factor of ~2 for average precipitation rate (see
Study Area). Therefore, if such gradients in climate are capable of generating grain size
differences of 10s of mm in weathered material (sufficient to explain the fan deposits), then

this effect must be apparent in the catchments orographically today.

Fortunately, prior work has characterised the production of different grain size fractions of
sediment, by weathering and as a function of elevation, in the Inyo Creek catchment (Stock et
al., 2006; Riebe et al., 2015). Inyo Creek lies just 10 km south of George Creek on the eastern
front of the range, drains the same topographic relief, experiences identical climatic and
tectonic conditions, and erodes the same granitic bedrock units, making it an ideal
comparison. It was never glaciated, meaning sediment production by weathering can be
investigated in isolation (Stock et al., 2006). These studies used detrital thermochronometry
as a tracer to identify the source elevations of different gravel grain size fractions exported
into Owens Valley. Their results show that coarser gravel (Dso ~40 mm) is preferentially
produced at higher elevations (between ~2.75 km and 4 km elevation) in the periglacial zone
dominated by physical weathering processes and with barren hillslopes, frequent landsliding,
little soil development, and where particles have a short residence time (Riebe et al., 2015).
Conversely, finer gravel (Dso ~10 mm) is preferentially produced at lower elevations (between
2 and 3 km), below the tree line in the vegetated part of the eastern Sierra Nevada where
there is soil production, and where particles have a longer residence time and prolonged
exposure to chemical weathering (Stock et al., 2006; Riebe et al., 2015). These findings agree
with other constraints from the Sierra Nevada (Dixon et al., 2009; Attal et al., 2015; Sklar et
al., 2016) and together show that sediment supply—and grain size production in particular—
varies as a function of elevation, with coarser material generated at higher elevations in the

catchments.

The production of different grain sizes by weathering may have occurred at different elevations
under glacial conditions, because the weathering and orographic climate conditions were
different compared to today. Local pollen data from Owens Valley show that the periglacial
conditions now found at the top of the range expanded downslope, displacing the tree-line to
elevations 500-600 m lower than at present (Woolfenden, 2003). A larger pollen database
compiled for the SW United States shows very similar results (Pelletier, 2014), implying this
was a regional response to the glacial climate. Consequently, the periglacial zone where
coarser particles are known to be generated in this landscape (Stock et al., 2006; Riebe et al.,

2015; Sklar et al., 2016) was expanded, implying that slightly more coarse-grained sediment
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was being generated during the glacial period. This cannot be reconciled with the ~15 mm of

fining in Dso that we observe on the fans at the LGM (Fig. 8).

As such, we propose that it is not possible to explain the grain size variations on the fans (Fig.
8) by invoking changes in weathering and grain size production in the catchments. At the LGM
we expect a slight increase in coarse gravel production due to depression of the vegetated
zone and expansion of the periglacial zone where coarser material is supplied. The amplitude
of the orographic climate gradient in these catchments is much larger than the amplitude of
glacial-interglacial climate variability, so it is reasonable to look at spatial climate gradients to
test this. However, while changes in the grain size sources cannot explain the data in Fig. 8,
this does mean that the availability of a wide range of grain sizes for export to the fans is not
a limiting factor in these catchments. Indeed, whatever the grain size supplied by any source
of sediment in these catchments, all of this material still needs to be mobilised and transported

to the fans, and this process may be size-selective.

6.3. Explanations involving sediment transport

Another potential explanation for glacial-interglacial grain size variability is that the ability of
debris flows to mobilise and deposit coarser particles has increased as the climate warmed.
Documented debris flows in this study area are runoff-induced events triggered by intense
storm rainfall (DeGraff et al., 2011). There are still uncertainties about how to describe the
initiation of debris flows by surface runoff (and other mechanisms) mathematically (Kean et
al., 2013; Rengers et al., 2016), and associated transport laws that specifically deal with grain
size incorporation do not yet exist. Nonetheless, the initiation of debris flows by runoff has
been observed widely in the field (Coe et al., 1997; Cannon et al., 2001, 2008; DeGraff et al.,
2011; Kean et al., 2011; Hobley et al., 2012; Staley et al., 2014), including video footage (Kean
et al., 2013); it has been studied with laboratory experiments (Gregoretti, 2000); and it can be
realistically simulated with process-based modelling (Kean et al., 2013; Rengers et al., 2016).
These studies confirm that debris flows can be triggered when sediment is mobilised from
hillslopes by intense surface runoff (without a discrete spatial point of initiation), at least in
alpine landscapes where the supply of loose sediment is abundant (Kean et al., 2013; Staley
et al, 2014; Rengers et al., 2016). Consequently, empirical thresholds of rainfall
intensity/duration required for debris flow initiation can be described for a given landscape
(e.g., Cannon et al., 2008; Guzzetti et al., 2008). Also, as they are threshold-limited events
their deposits may not record information about average climate conditions, but instead

document changes in extreme rainfall.
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We hypothesise that the grain size trends in Fig. 8 record an increase in threshold-surpassing
storm intensities with warming, and an associated increase in the surface runoff provided for
the initiation of debris flows, which has therefore led to deposits that are coarser-grained on
average. As the glacial period was wetter than the Holocene, this explanation would imply that
changes in the uppermost percentiles of rainfall intensity are decoupled from changes in mean
annual precipitation, as is frequently the case (cf., Trenberth, 2011). In other words, the
regional climate has become drier overall with warming, but we expect the highest-magnitude

storms responsible for initiating debris flows to have intensified at the same time.

6.3.1. Changes in storm rainfall intensity

Glacial-interglacial time series of past storm intensity do not exist, but there is much we do
know from modern climate dynamics. It is well-documented that as temperature increases the
intensity of storm rainfall (defined as the uppermost percentiles of rainfall rate, e.g., Pgo)
generally increases, because the capacity of the atmosphere to hold moisture rises
exponentially with temperature (Trenberth et al., 2003; Wentz et al., 2007; Allan & Soden,
2008; Lenderink & Meijgaard, 2008, 2010; Berg et al., 2009, 2013; Liu et al., 2009). This is
described by the Clausius-Clapeyron (CC) relationship, where the moisture-holding capacity
of the atmosphere increases by approximately 7% per 1°C of warming, resulting in an
equivalent increase in the upper percentiles of storm rainfall intensity with temperature
(Trenberth et al., 2003; Berg et al., 2009; Trenberth, 2011). This has been consistently
documented for (i) a variety of climatic settings; (ii) a wide range of temperatures (~0-30°C);
(i) the uppermost percentiles of extreme rainfall likely to trigger debris flows; and (iv) a variety
of storm types, i.e., thunderstorms, tropical cyclones, and extratropical rainstorms (Hardwick
Jones et al., 2010; Lenderink et al., 2011; Shaw et al., 2011; Utsumi et al., 2011; Berg et al.,
2013). It therefore reflects the fundamental physics of storm rainfall (Trenberth, 2011).
Trenberth et al. (2003) observed that in some vigorous storms the rate of increase in rainfall
intensity with temperature can slightly exceed Clausius-Clapeyron. For short-lived and deeply
convective storms occurring in warm conditions, such as the local thunderstorms that strike
Owens Valley during the summer and autumn, the rate can be up to twice Clausius-Clapeyron,
i.e., 14% per 1°C of warming (Liu et al., 2009; Berg et al., 2013; Singleton and Toumi, 2013).
Additionally, more intense precipitation events occur in a warmer climate, even if mean annual

precipitation rate declines (cf., Trenberth, 2011).

Climate changes during the last glacial-interglacial cycle are captured in detail by the sea
surface temperature record of Yamamoto et al. (2007) from offshore California (Fig. 5). This

ODP-1016 record offers an opportunity to compare our grain size measurements with
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temperature as a primary climatic variable, in addition to proxies like 880 explored earlier.
This is especially true given that sea surface temperature is strongly related to the total amount
of precipitable water in the atmosphere over the oceans (Trenberth et al., 2005), and that

moisture delivered to the study area originates in the Pacific (Fig. 4a).

We plot grain size directly against this sea surface temperature record in Fig. 12, with Dsg
(black) and Dgs (red) displayed for debris flow channels and levees separately. As expected,
grain size varies systematically with temperature as the climate cooled and warmed by a total
amplitude of ~6°C during the last 125 kyr. The coarsest material was deposited when the
climate was warm during the current and last interglacials, and the finest material was
deposited when temperatures were lowest during the LGM. The best fits to the data are with
exponential regressions, which are shown for the stratigraphic averages (stars) and appear
linear because the y-axis is logged. The rate of grain size coarsening with warming lies
between 9.0 and 13.7% per 1°C of warming. If the true value of this rate is assumed to be the
same for all four data series, then the standard errors tolerate a range of 9.9-10.4% per 1°C
(i.e., all four data sets overlap, within uncertainty, at a rate of ~10% per 1°C). Significantly,
these constraints lie directly between the CC and 2 x CC rates of 7 and 14% per 1°C
respectively, that generally describe the intensification of storm rainfall rates with warming
(Trenberth et al., 2003; Berg et al., 2009, 2013; Hardwick Jones et al., 2010; Lenderink et al.,
2011; Trenberth, 2011; Utsumi et al., 2011).

There is a strong correlation between the rate of debris flow grain size coarsening in Owens
Valley, and the rate at which storm rainfall intensity generally increases with temperature, over
a range of >5°C. This does not prove cause and effect; indeed cause and effect cannot be
proven without an independent proxy of storm intensity, which does not exist. However, we
propose that this sustained exponential pattern of grain size coarsening, which mimics the
Clausius-Clapeyron relationship, is unlikely to be coincidental. This is especially the case
given that: (i) these debris flows are known to be threshold-limited events directly triggered by
storm runoff; (ii) there is a clear lack of hysteresis; and (iii) the grain size response to climate
forcing is instantaneous at the temporal resolution of our data. Even within modern records of
climate variability, the intensities of storms affecting our study area correlate with warmer
Pacific surface temperatures (Persson et al., 2005; Antinao & McDonald, 2013a). The most
extreme flooding in Owens Valley is caused by summer and autumn thunderstorms delivering
moisture from the tropical Pacific (Kattelmann, 1992), and for these kinds of localised
convective storms the rainfall intensity-temperature scaling may slightly exceed Clausius-
Clapeyron, often estimated at 10-14% per 1°C (Lenderink & Meijgaard, 2008; Liu et al., 2009;
Berg et al., 2013; Singleton & Toumi, 2013).

24



830

831

832
833
834

835
836
837
838
839
840
841
842
843
844
845
846
847
848

849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864

6.3.2. Particle mobility

Our findings suggest a direct, causative link between storm rainfall intensity and the grain
sizes deposited on these debris flow fans (see section 6.3.1); here we explore how such a link

may come about.

How can it be that particle diameters of several 10s of mm can be limited by surface runoff,
when these debris flows are obviously able to move much larger boulders (e.g., Fig. 3)? We
actually observe a coarsening throughout the entire grain size distribution in response to
warming (Fig. 7), which applies to the coarsest material as well as the finest, and not
exclusively to the 10-100 mm size fraction (i.e., Dso is simply a percentile). Debris flows are
known to move in characteristic surges, which are capable of carrying large particles due to
the mechanical properties of granular mass flows, including kinetic sieving and the nature of
the vertical velocity profile (Bagnold, 1954; Iverson, 1997; Gray and Thornton, 2005; Gray and
Kokelaar, 2010; Johnson et al., 2012). However these surges are not necessarily responsible
for setting the grain size distribution of the deposits. Our observations in Fig. 6 indicate that
once a viscous debris flow has formed in this environment, grain size changes by relatively
little over a 10 km distance, at least where observed on the fans (Fig. 6). This leaves the
guestion of when and where much of the sediment is incorporated into a debris flow and how

the grain size distribution of that material is established.

One study that addresses the initiation of debris flows by storm runoff is by Kean et al. (2013),
who document a variety of flow events in California and Colorado. They observed that intense
runoff creates many small granular flows that converge throughout a catchment. A large
amount of the bedload sediment assimilated into a debris flow is initially mobilised by surface
runoff on hillslopes, with coarser particles assumed to be mobilised by greater surface runoff
rates. Surface runoff moves this sediment down-slope and into sediment traps, in which large
debris flows nucleate and directly inherit this material. This initiation mechanism may apply in
our study catchments, as (i) debris flows are known to be triggered by storm runoff (DeGraff
et al., 2011); (ii) there is abundant loose sediment available on the hillslopes with a wide range
of grain sizes available (Figs 10 and 11); and (iii) past glaciation has created stepped long
profiles that may act as sediment traps (Figs 2 and 9), in addition to sediment traps in the main
channels (Fig. 10e-f). Therefore, one potential explanation for the grain size data is that the
peak rainfall intensity of storms increased with warming, leading to an increase in
instantaneous surface runoff rates on hillslopes, mobilising an overall coarser grain size
distribution of sediment that is then inherited by large and viscous debris flows. This would

explain the Clausius-Clapeyron-style relationship between grain size and past temperature
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(Fig. 12), while also conforming to observations about how runoff-generated debris flows are
initiated (Kean et al., 2013; Rengers et al.,, 2016). Kean et al. (2013) combine their
observations from California and Colorado with physical theory in order to develop a model of
flow initiation, and find that storm water discharge is an essential parameter for accurately
simulating real debris flow surges. Furthermore, these authors compare debris flows initiated
by storms with different peak rainfall intensities. They find that the power and volume of debris
flow surges increases in response to greater peak storm rainfall intensity. Therefore, even if
additional material is entrained by debris flow surges after initiation by surface runoff, more
powerful surges might still entrain larger particles. Alternatively, some debris flows in this
landscape may be initiated by the failure of saturated sediment on hillslopes during intense
storms (e.g., Hubert and Filipov, 1989; Iverson, 1997), and this will still be promoted by

increased rainfall intensities.

Our observations from the Owens Valley fans indicate that: (i) these debris flows exhibit
particle size selectivity that varies in concert with past climate change; (ii) there is little down-
system change in grain size after a debris flow has formed, implying that sediment deposition
is not predominantly size-selective; and (iii) any entrainment of material into the debris flows

during transport on the fans is not significantly altering the grain size distributions.

6.3.3. Debris flow initiation and storm intensities

If our hypothesis is correct, and the storms that trigger debris flows in the Owens Valley region
have intensified with warming, then we should be able to evaluate this using known debris
flow initiation thresholds for rainfall intensity and duration. If storm intensity is down-scaled
following the Clausius-Clapeyron relationship for a realistic LGM temperature anomaly, storms
must still surpass these thresholds for debris flow initiation (because we know that debris flows
occurred). However if this results in an unreasonably large drop in storm intensity—falling
below the threshold for initiating debris flows—then this mechanism cannot work given the

known debris flow activity recorded by the fans.

We perform this simple test in Fig. 13, which shows rainfall intensity against duration over four
orders of magnitude, making the assumption that debris flow initiation thresholds do not
significantly change over time. The main storm systems affecting Owens Valley are highlighted
in blue after Antinao and McDonald (2013a), and various initiation thresholds are plotted as
black lines based on detailed observational datasets (after Cannon et al., 2008 and Guzzetti
et al., 2008). As expected, shorter-lived storms need to be more intense in order to trigger a
debris flow, with a 1 hour event (e.g., a summer thunderstorm) triggering a debris flow if rainfall

intensity reaches ~10 mm hr?, but for a storm lasting a day or longer lower intensities are
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sufficient. With red circles, we have plotted three examples of storms in recent years that were
observed to trigger debris flows in our study area and neighbouring catchments, and for which
there are precise constraints on rainfall intensity and duration. All three events were initiated
by summer thunderstorms, as is typical for historical debris flows in Owens Valley (Hubert and
Filipov, 1989; Blair and McPherson, 1998). The Erskine Creek and Oak Creek debris flows
both occurred on 12" July 2008 and are described by DeGraff et al. (2011); they were triggered
by peak rainfall intensities of 16-20 mm hr? sustained for ~15 minutes (Erskine Creek) and
25-32 mm hr? sustained for ~40 minutes (Oak Creek). Another debris flow occurred in North
Bairs Creek on 22" July 2013. We characterised the triggering storm using NEXRAD Doppler
weather radar data (freely available courtesy of NOAA at: https://www.ncdc.noaa.gov/data-

access/radar-data/nexrad) as having a peak rainfall intensity of 20-30 mm hr? sustained for

10-30 minutes. As expected, these storms lie above debris flow initiation thresholds that are
likely to be suitable for the Owens Valley area (Fig. 13).

If we assume these storms are representative of modern debris flow-triggering events, we can
down-scale their intensities following the CC and 2x CC rates (7 and 14% per 1°C) by a drop
in temperature of 5°C, which is representative of the LGM. This is shown on Fig. 13 with green
and blue symbols, respectively. This illustrates the magnitude of glacial-interglacial variations
in peak storm intensity that we are hypothetically invoking, as a function of temperature, via
the Clausius-Clapeyron scaling. We scale up the durations of the storms by the same CC and
2x CC rates. This is because the propagation velocity of a storm front may also increase with
temperature at a CC to 2x CC rate (Singleton and Toumi, 2013). In other words, in a colder
LGM scenario a typical storm could migrate over a given stationary point on the surface more
slowly than in a warmer modern scenario, increasing the duration of the storm experienced at
that location. The results show that, adjusting rainfall intensity-duration to a 5 °C temperature
decrease, according to either Clausius-Clapeyron or twice this rate, would still generate
intensities that fall above known debris flow initiation thresholds. This means that invoking
changes in storm rainfall intensity, in order to explain the observed grain size changes through
time, does not require such a large decrease in intensity that debris flows could not be initiated,
but still satisfies Fig. 12. This offers a simple first-order sense check of our interpretations, and
implies the required changes in storm intensity occupy a narrow window of suitable variation.
Our hypothesis therefore reconciles with (i) known climate dynamics; (ii) known debris flow
initiation thresholds; (iii) grain size observations from the fans; and (iv) known debris flow

activity throughout the glacial period as well as today.
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6.4. Implications and future challenges

Our findings confirm that alluvial fan deposits, in this setting, record glacial-interglacial climate
changes over 10* to 10° year timescales. One striking observation is that as the climate
warmed and dried overall, the grain size exported to fans became coarser, in contrast to
numerical models of catchment-fan systems that typically predict a fining due to decreased
discharge (e.g., Paola et al., 1992; Armitage et al., 2011; Simpson and Castelltort, 2012; Allen
et al., 2013). Fundamentally, our data demonstrate the palaeoclimatic significance of alluvial
fan stratigraphy and we propose that debris flow deposits may preserve a record of past
changes in storm rainfall intensity. The response timescale of these systems is rapid and
effectively instantaneous at the temporal resolution of our data. This indicates that efficient
depositional processes like debris flows pre-condition sediment routing systems for climatic
sensitivity, by quickly transferring sediment to the basin. As our analyses show, the grain size
signal can be plausibly explained by the importance of high-intensity storm events, which are
likely to have increased with warming in our study area, decoupled from the overall rainfall
budget. Therefore, this study also underscores the need to understand the intensity
distribution of precipitation and how this affects landscape processes, because climate change

can have opposing effects on the upper percentiles of rainfall intensity compared to averages.

Of course, grain size is not the only way these deposits can (or should) be quantified, and
further work could measure other parameters such as depositional volumes or (palaeo)erosion
rates. For grain size in particular, there is an opportunity to develop new mechanical models
for describing runoff-induced debris flows that specifically link the grain size distributions
mobilised and deposited with surface runoff rates and the physics of debris flow transport.
These transport laws are currently unknown, but would enable real progress in understanding

the sedimentary record of debris flows and landscape evolution in general.

Furthermore, we find that the grain size response to climate change may be non-linear and
accelerates with warming, as implied by the regressions in Figs 8 and 12. If this is the case,
and this trend continues with future warming, then an even greater sensitivity of debris flows
to climate might be expected. Existing ideas about debris flow erosion (e.g., Stock and
Dietrich, 2006) suggest that flows with larger particles will themselves be more erosive,

potentially leading to an erosional feedback in the landscape.
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7. Conclusions

By measuring sedimentary grain size distributions in detail (>30,000 clasts on 35 dated
surfaces), we show that debris flow fans in Owens Valley, California are highly sensitive to
glacial-interglacial climate variability over the last ~125 kyr, recording known climate shifts in
alluvial fan stratigraphy. As the climate warmed by 5-6°C from the LGM to the present day,
total rainfall halved but storm rainfall intensity likely increased, and measured Dso and Dsg, grain
size percentiles approximately doubled. The correlation between grain size and climate is
sustained throughout the entire last glacial-interglacial cycle, with a clear exponential scaling
between grain size and sea surface temperatures from offshore California. The form of this
scaling, with a grain size coarsening rate of ~10% per 1°C, mimics the Clausius-Clapeyron
relationship and closely matches how storm rainfall intensity scales with temperature
(Lenderink & Meijgaard, 2008; Liu et al., 2009; Trenberth, 2011; Berg et al., 2013). We
therefore propose that debris flow stratigraphy in these systems records changes in storm
rainfall intensity during the last glacial-interglacial cycle. Our findings are reproducible in 8
different catchment-fan systems with precise age control and where tectonic and lithological

boundary conditions are uniform.

These systems have a rapid response timescale that is shorter than the minimum temporal
resolution of our data, and show no evidence of signal damping, demonstrating that this debris
flow-dominated landscape has a high sensitivity to past climate changes over 10* to 10° year
timescales. By characterising sediment sources in the parent catchments, we demonstrate
that neither the transient erosion of moraine sediments nor other paraglacial sediment supply
processes are likely to explain the grain size changes observed on the fans. Similarly, we use
constraints on sediment production as a function of elevation to show that altitudinal changes
in hillslope weathering are unlikely to explain the grain size changes either. The sustained
correlation between grain size and climate, the lack of hysteresis in the response to climate
change, and the timings of the grain size response, together lead us to conclude that changes

in sediment sources do not drive the grain size sensitivity to climate in this setting.

Instead, we conclude that as the climate warmed and dried overall the intensity of high-
magnitude storms is likely to have increased, leading to greater surface runoff rates that
entrained coarser sediment during debris flow initiation. This interpretation is supported by (i)
expectations from climate dynamics; (ii) the mechanics of debris flow initiation by runoff; (iii) a
Clausius-Clapeyron-style exponential scaling between grain size and past temperature that
matches the expected pattern for storm rainfall intensity; (iv) modern observations about the
storms that do trigger these debris flows, as well as the rainfall intensity-duration thresholds

required. Our findings provide useful constraints for future attempts to develop a debris flow
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transport model that explicitly accounts for grain size incorporation into flows and deposits.
Additionally, this study underscores the importance of distinguishing between rainfall intensity
and total amount in geomorphic analyses. Finally, we highlight the potential risk of continued
climate warming in the near future, which we predict could trigger coarser-grained, more

erosive and more hazardous debris flows in this landscape.
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Alluvial fan deposits: Bedrock lithology: Geomorphology:
- Q1 1014+ 14.5ka Paradise granodiorite I:l Lone Pine granodiorite Peak glacier advance
. . (after Moore and Mack, 2008)
- Q2a 725+ 11.8ka Bullfrog granite I:l Metavolcanic rocks
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Fig. 1. Maps locating the targeted catchment-fan systems draining from the Sierra Nevada to Owens Valley,
California. (A) From south to north, these are the George Creek (Ge, 24.8 km?), South Bairs Creek (SB, 8.0
km?), North Bairs Creek (NB, 10.1 km?), Shepherd Creek (Sh, 33.9 km?), Symmes Creek (Sy, 11.8 km?),
Pinyon Creek (Pi, 13 km?), and Independence Creek (In, 25.6 km?) systems. (B) We also sampled the Birch
Creek (Bi, 17.9 km?) system, which is located ~40 km north in Owens Valley. Alluvial fan surfaces were
mapped following D’Arcy et al. (2015). All catchments are eroding granitic bedrock apart from minor outcrops
of metavolcanic and mafic plutonic rocks (Moore, 1981; Moore and Sisson, 1987). The maximum extent of
past glaciation is shown by dotted shapes after Moore and Mack (2008); some catchments were fully
glaciated in the past (e.g., Independence and Birch Creeks), while others were only partially glaciated (e.qg.,
South Bairs and Pinyon Creeks). Today the catchments are unglaciated apart from very small rock glaciers
in north-facing cirques.
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Fig. 2. (A) Longitudinal profiles for the 8 catchment-fan systems studied. The catchments are steep and
erode ~2000 m of relief, independent of channel length. Those that experienced the most glaciation have
stepped profiles, e.g., Birch and Independence Creeks, punctuated by hanging valleys. The alluvial fans are
~10 km long and form a coalesced bajada with surface slopes of 4 to 6 °. SSNFFZ = Southern Sierra Nevada
Frontal Fault Zone. (B) Log slope-area plots for all 8 catchments, which show the same longitudinal geometry

characteristic of debris flow-scoured landscapes (Stock and Dietrich, 2006).
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Fig. 3. Representative field photographs. (A) Hillslopes at the top of Independence Creek catchment. (B)
Main valley at the bottom of Independence Creek catchment, viewing upstream. The U-shaped trough is
evidence of former glaciation, and the road is cut into moraine deposits with embedded boulders visible in
the right-foreground. (C) The apex of Shepherd Creek fan, viewing towards the catchment. Abandoned fan
surfaces are distinctly visible, incised by younger deposits. The modern debris flow channel is down-cutting
into Holocene deposits and is marked by the tops of trees. In the background, the lower parts of the catchment
are more densely vegetated than at the top of the catchments shown in (A). (D) The terminal nose of a
Holocene debris flow deposit on the Shepherd Creek fan. Note the person on the nose for scale. There is a
segregation of grain size between boulder-rich levees and finer, gravel-rich channels. (E) Cross-sectional

view of a debris flow levee, looking across the channel perpendicular to the flow direction. There is an inverse
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grading of grain size, with larger boulders and cobbles rafted to the top of the deposit. (F) The trunk channel

in the Symmes Creek catchment (1 km upstream of the fan apex) after a debris flow in 2013.
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Fig. 4. (A) Schematic map of the main moisture sources affecting our study area in the SW United States
(c.f., Antinao and McDonald, 2013a). These are extra-tropical cyclones, ‘pineapple express’ storms delivered
by atmospheric rivers, the remnants of tropical cyclones originating in the eastern Pacific, and moisture
transported from the south by the North American Monsoon. The Aleutian low and Pacific high are shown for
reference. (B) 80 km wide west-to-east swath taken across the Sierra Nevada at 36.8 °S (centred on our
study catchments), showing topographic relief (black), and mean annual precipitation (blue) and temperature
(red) (PRISM climate group, 2004). As the dominant moisture transport is from the west, Owens Valley

occupies a significant orographic rain shadow.

46



440

441

442
443
444
445
446
447
448
449
450
451
452
453
454
455

A ¥ Fanapexincision B C D

Benthic Pacific 60 stack (%o) ODP 1016 SST (°C)
| o ” & ” EE ” Qb ” e ” gl I 30 35 40 45 50 18 16 14 12 10 8
r [ T T 2 T T T T

140 , . - 140
n n
120 -120
i " m = == | |
100 " = ‘ ~ 1100
[ ] J
W w
E 80 " ﬁ - - 80 :
— . ~—
g * 8 8 | 1 %
<C L. a
60 B | - 60 <
n W i i |
40 - u PG | é 4 40
(| 57 = = o 1 1
20 - Yy = "= A | 120
"= g a 1 |
[ ] - - I
obde ke E ok AR L s 10
o S & O O g P 2 15
& N e 6\@6 & P P zo‘q < Devil's Hole 80 record (%o) % Juniperus pollen
&L F P
b(,.IQQ’ S 500 Q,O [ <— Warmer, drier, less glaciated, stormier

Fig. 5. (A) Stratigraphy and exposure ages for the 8 target fan systems, following D’Arcy et al. (2015) and
based on °Be cosmogenic nuclide exposure dating by Zehfuss et al. (2001), Duhnforth et al. (2007), and Le
et al. (2007). Surfaces correspond to the maps in Fig. 1, with black squares showing the best age estimate
and coloured bars showing uncertainty. Stars show the timing of incision events at the fan apices. The
combined record to the right collapses all mean exposure ages into a single record; this study area offers a
high density of age constraints throughout the last glacial-interglacial cycle. (B) Two oxygen isotope records
are shown for comparison: the benthic 380 stack for the Pacific ocean reported by Lisiecki and Raymo
(2009) (black) and the terrestrial Devil's Hole 580 record from southern Nevada (Winograd et al., 1997;
2006). (C) Alkenone-derived sea surface temperature reconstruction from the ODP-1016 core in the Santa
Barbara basin, offshore California (Yamamoto et al., 2007). This is the closest sea surface temperature
record to our study area and shows fluctuations from ~10° C at the glacial maximum to ~16°C in the
interglacials. (D) A semi-continuous Juniperus pollen record from Owens Lake core OL-92 in Owens Valley
(Woolfenden, 2003). Higher Juniperus abundances correspond with cooler glacial conditions when juniper

woodland expanded to lower elevations that are today covered by desert shrub assemblages.
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Fig. 6. Debris flow grain size data from the Q4 (Holocene) surface of the Shepherd Creek fan, from apex to

toe. Median, Dso (A), and coarse, Dss (B) percentiles are shown. Each point is a spatial average of 3 Wolman

point count measurements, and channels and levees were sampled separately. Error bars show the spatial

spread of each 3 localities down-system and the variability in grain size between them. Repeat sampling is

essential for a meaningful average, as the flow deposits are variable across space (see text for discussion).

Down-system fining can be modelled with linear regressions, with average fining rates of 0.3 to 0.9 mm km™

for Dso and 2 to 7 mm km™ for Dss. To minimise these effects, all other grain size data in this study were

collected from the upper 3 km of the fans near their apices (blue box).
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Fig. 7. Cumulative grain size distribution curves for the fan surfaces, with channels on the left and levees on
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measured is given as n and curves are coloured according to stratigraphic unit, with cool colours representing
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Particle diameter (mm)

0.6

0.4

0.2

0.6

0.4

0.2

Particle diameter (mm)

™ 1.0
-4 08 Modern 0 ka
1 » — 4 7.8 (£5.9) ka
[
106 £ — 03 18.0 (x 4.4) ka
] 5 — Qx 35.8 (+6.9) ka
1+ 8 — @b 56.5 (+ 8.8) ka
1 - Q2a 72.5(£11.8) ka
102 — al 1014 (+ 14.5) ka
1000
C Independence creek
T T 1.0
Channels Levees
n=2110 71 7 n=2002 108
1 A 406
4 A 404
4 A 402
T T Ty el O
1 10 100 1000 1 10 100 1000
Particle diameter (mm)
E Symmescreek
T ; T 1.0
Channels Levees
n=2808 | 1 1 n=2108 / 408
A A o 406
{ 4 A 404
// 4 4 402
—= T T y ‘-;)/ 0
T T
1 10 100 1000 1 10 100 1000
Particle diameter (mm)
G North Bairs creek
T T Z 1.0
Channels Levees 1
1 n=1479 7 7 n=1402 708
. 1 106
& 4 A 404
B 4 A 402
g 1
T T T T 0
1 10 100 1000 1 10 100 1000
Particle diameter (mm)
I George creek
T T T 1.0
Channels Levees
1 n=910 1 7 n=910 708
i 4 1 106
B 1 104
! 4 4 402
T b T T T 0
1 10 100 1000 1 10 100 1000

interglacial periods are measurably coarser-grained across 3 orders of magnitude in particle size.

Fraction finer

Fraction finer

Fraction finer

Fraction finer



472

473

474
475
476
477
478
479
480
481

Channel D, grain size (mm)

A Channel D, B LeveeD,,
50 50
g 40 T 1 T 40
= 1 D =474 .§802302) £ D =322.8B0 18102
N | “s0 % 30 50
o Age (ka) = Age (ka)
g | e — ¢ 0] ke | mm ——
6 i 0 20 40 60 80 100120 | " i L ] 0 20 40 60 80 100120
50 ] m=091 In . 25 50 1 10 — . i
0 . , : :
5.0 40 430 5.0 4.0 3.0 430
&80 (%o0) 80 (%o0)

13,5

4 4.0

4145

5.0

Benthic Pacific 60 stack (%o)

Levee D, grain size (mm)

35

4.0

4.5

5.0

Benthic Pacific 60 stack (%o)

O T T T T ¥ T T v T L] 5~5 0 T T T T T T T T T 5-5
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Age (ka) Age (ka)
C Channel D,, D LeveeD,,
120
E 100 1 _ 1201 1
E i — . 818()-3.0 (20.6) £ y I i — . 818()-27 (+0.3)
= 80 ] DM—2657 &80 E D84—2450 5'%0
® Age (ka) Qg 80 v . Age (ka)
c 604 * . = [r— = m
= 7 ) (% s r i
2 ; Lo 0 20 40 60 80 100120 3 e 0 20 40 60 80 100120
G 401 e L 1 B * ?
T T 0 4 i —d T T T 2.5 140 T T . ¢ T T T 25
100 4 o Ii’2 0. 81 R*=0.90 |
—~ 50 40 30 130 = 120 40 30 130 o
g 5'°0 (%) & £ §1°0 (9%o) &
£ ~ £ 100 ~
5 % b 35 &
g E oy ° g
e 9 2 80T 1 @
£ 5 = 140 ©
= € 2 60 | &
Q g q ] %
2 il e
g £ g™ £
< <t =1 \ G
v @ 20 - 50 §
O T T T T T T T 5~5 0 T T T T T T T 55
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Age (ka) Age (ka)

Fig. 8. Grain size percentiles (Dso, top; Dss, bottom) plotted against fan surface age for debris flow channels
(left) and levees (right). Individual fan surfaces are plotted as open circles, stratigraphic averages are plotted
as black stars. Error bars show the total age uncertainty and £1 standard deviation on grain size. The benthic
Pacific 880 stack of Lisiecki and Raymo (2009) is shown in blue as an illustration of past climate. In all four
data series there is a sustained correlation between grain size and climate, with finer grain sizes deposited
during glacial periods and coarser grain sizes deposited during interglacial periods. Inset panels show grain
size plotted directly against the 50 record. Individual fan surfaces are coloured according to their ages, and

power law regressions are fitted to the stratigraphic averages (black stars).
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483  Fig. 9. Catchment slope analysis. (A) Frequency distributions of slopes in each catchment (the area under
484  each curve is normalised to 1), measured using the National Elevation Dataset with a horizontal/vertical
485  resolution of 9.0/1.5 m. (B) Maps of surface slope for each catchment. Formerly glaciated troughs are clearly

486  visible as zones of low slope, and are typically surrounded by steep slopes of 250 °.
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Fig. 10. Field photographs of the main sediment sources. (A) Scree cones eroded from the Dragon pluton in
the Independence Creek catchment. (B) Detail of scree cones in the Independence Creek catchment; note
the man for scale. (C) Lateral moraines (white dashed outline) at the mouth of the Independence Creek
catchment (see Fig. 1). The active channel is marked by trees and sits in a 210 m-wide Q4 fan surface with
numerous debris flow levees visible. (D) Detail of a road cut through a moraine in the Independence Creek
catchment, comprising an unsorted mass of boulders, cobbles, gravel and finer sediment. (E) A landslide in
the Symmes Creek catchment, toe-cut by the active debris flow channel. Note how the larger boulders sit at
the base of the landslide. (F) A confined section of the Symmes Creek catchment where debris flows are
scouring bedrock directly. Note the large boulders and tree trunk debris rafted to the inner levee of the flow
bend.
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Fig. 11. (A) Cumulative grain size distribution curves for the main sediment sources in the catchments: scree
cones (black), landslides (red) and moraine deposits (blue). These were sampled in the Symmes Creek and
Independence Creek catchments, which are not distinguished because the grain size distributions are so
similar in each case. A total of 2192 grain size counts were made from sediment sources. For comparison,
modern (yellow) and Q2c (dark blue) grain size data are shown for the debris flow deposits in Fig. 7. The
coarser curves are levees and the finer curves are channels. (B) A comparison of moraine Dso (blue box) and
landslide Dso (red box) with the average Dso grain sizes for debris flow channels (black stars) and levees
(white stars) in Fig. 8. The coloured boxes show Dsg 1 standard deviation. Moraine deposits supply sediment
that is ~10 mm coarser than landslides on average. Both sediment sources lie at the coarsest end-member
of the fan deposits sampled.
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523  temperature record of Yamamoto et al. (2007) for (A) debris flow channels and (B) debris flow levees. Open
524  symbols show individual fan surfaces and stars show stratigraphic averages, which are fitted with exponential
525  regressions (quoted beneath the graphs). The y-axes are logged because the relationships are non-linear.
526  Blue lines in the background show the Clausius-Clapeyron (CC, solid lines) and 2 x CC (dashed lines)
527  scalings, which describe how storm rainfall intensity varies as a function of temperature (see text for details
528 and references). In all four series, grain size coarsens at an intermediate rate (between 9.0 and 13.7 % per

529 1 °C) for the full ~6 °C temperature range captured by the last glacial-interglacial cycle.
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Global average (Guzzetti et al., 2008)

—— —— Mediterranean warm (Guzzetti et al., 2008)
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————— Southern California burned (Cannon et al., 2008)

Fig. 13. Rainfall intensity-duration thresholds for debris flow initiation, including the global average and for
Mediterranean climates (Guzzetti et al., 2008) and burned landscapes in southern California (Cannon et al.,
2008). The main moisture sources affecting our study area today are highlighted in blue after Antinao and
McDonald (2013a). Three examples of modern storms that initiated debris flows in our study area are shown
in red after DeGraff et al. (2011); all were summer thunderstorms. For each event, we then hypothetically
scale down rainfall intensity by the Clausius-Clapeyron (green) and 2x Clausius-Clapeyron (blue)
relationships (see text for details) for a temperature decrease of 5 °C. This does not move storm events below
the debris flow initiation thresholds, i.e., debris flows could still be initiated under an LGM-style temperature

scenario if storm intensity changes with temperature following our expectations.
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Tables

Debris flow channels

Debris flow levees

Alluvial fan Surface Age + No. clasts Dso + Dgs + No. clasts Dso + Dgy +
(ka) (ka) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

Symmes creek Modern - - 497 34.0 6.3 86.0 19.7 210 34.0 1.4 108.2 18.6
Shepherd creek Modern - - 699 30.0 11.2 80.3 20.6 500 28.5 11.2 90.0 33.2
North Bairs creek Modern - - 302 335 6.5 72.8 3.7 300 36.0 9.8 82.0 8.9
Symmes creek Q4 3.9 1.6 1212 25.0 8.1 59.2 21.3 1098 33.0 7.6 85.0 25.8
Shepherd creek Q4 55 3.0 1007 24.0 5.9 47.0 21.2 1195 32.0 7.8 95.0 25.6
South Bairs creek Q4 5.6 2.4 213 22.0 1.4 46.0 24 210 29.0 - 65.0 16.2
North Bairs creek Q4 6.7 5.7 674 21.0 2.9 39.0 8.1 600 30.0 3.8 66.0 17.0
Pinyon creek Q4 7.5 3.4 400 22.0 2.8 45.0 12.2 400 34.0 2.2 84.2 11.8
Birch creek Q4 8.5 21 501 23.0 16.5 47.0 17.2 500 30.0 12.6 88.3 21.4
George creek Q4 11.9 5.1 300 20.0 0.6 35.0 6.1 300 26.0 1.3 68.3 15.2
Independence creek Q4 13.1 4.6 610 34.0 6.3 63.0 18.2 501 34.0 9.5 78.0 16.0
Birch creek Q3 14.1 1.7 500 16.0 4.5 35.0 8.3 598 27.5 4.5 102.0 29.5
Shepherd creek Q3 18.7 3.7 998 14.0 4.0 30.5 14.2 999 20.0 7.3 54.0 231
Pinyon creek Q3 21.2 4.3 600 15.0 4.0 26.0 7.3 600 20.0 3.8 42.3 9.0
Shepherd creek Q2c 29.6 4.5 900 12.0 3.3 26.2 6.3 801 16.0 8.1 50.0 20.1
George creek Q2c 35.2 13.2 310 14.0 2.0 23.0 1.6 310 15.0 4.4 36.0 6.1
North Bairs creek Q2c 36.4 9.4 200 16.0 11 28.0 1.4 200 20.0 4.9 33.0 3.8
South Bairs creek Q2c 37.4 13.5 200 16.0 4.2 32.2 1.4 250 21.0 1.4 56.2 3.5
Independence creek Q2c 40.2 10.4 400 18.0 1.7 34.0 2.3 401 25.0 1.6 61.0 14.4
Pinyon creek Q2b 48.6 12.0 300 16.0 2.0 32.0 2.0 300 16.0 0.6 45.2 7.0
Symmes creek Q2b 56.5 6.9 699 13.0 2.2 27.0 10.9 500 22.0 4.0 52.2 18.5
Independence creek  Q2b 58.6 13.9 500 17.0 2.4 32.0 6.1 500 23.0 3.2 50.0 6.5
South Bairs creek Q2b 62.1 11.2 312 15.0 0.6 27.2 4.0 303 18.0 1.8 38.0 1.6
Shepherd creek Q2a 68.2 7.5 300 13.0 3.0 30.0 7.4 400 15.5 3.8 40.0 3.2
Pinyon creek Q2a 70.3 8.1 300 16.0 3.2 32.0 35 300 22.0 4.0 51.2 3.0
Symmes creek Q2a 72.5 14.6 100 14.0 - 24.2 - 100 15.0 - 29.0 -

Independence creek  Q2a 79.0 7.4 100 21.0 - 41.0 - 100 24.5 - 48.5 -

Independence creek Q1 90.9 18.1 500 24.0 3.2 45.0 7.3 500 34.0 2.7 72.0 7.2
George creek Q1 97.4 14.9 300 18.0 3.1 40.0 13.5 300 21.0 1.3 50.2 8.7
Symmes creek Q1 104.1 35.1 300 19.0 2.6 36.0 5.9 200 31.0 1.1 61.1 25.5
Shepherd creek Q1 104.1 35.1 200 15.5 - 37.0 4.2 100 20.5 - 72.4 -

South Bairs creek Q1 104.1 35.1 300 19.0 15 40.2 9.2 300 25.0 2.8 69.2 8.2
Pinyon creek Q1 104.7 17.3 300 22.0 2.3 38.0 19.5 300 28.0 2.9 66.3 6.1
North Bairs creek Q1 104.9 11.9 303 23.0 6.5 64.4 30.0 302 25.0 3.0 74.5 1.8
Birch creek Q1 122.5 14.5 400 28.0 7.7 68.2 22.7 400 34.0 5.5 91.0 19.3

locality, and therefore reflects spatial variability.

Table 1. Grain size data measured on individual fan surfaces by Wolman point counting in the field, in the upper 3 km of each fan system. Surface ages are

reported after D’Arcy et al. (2015). The error on grain size measurements reflects +1 standard deviation of Ds or Dg; if it is calculated for each single sampling
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Debris flow channels Debris flow levees
Alluvial fan Surface Age + No. clasts Dso + Dgs + No. clasts Dso + Dgs +
(ka) (ka) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
All fans Modern - - 1498 31.0 8.6 80.0 18.1 1010 32.0 9.1 90.0 24.9
All fans Q4 7.8 5.9 4917 24.0 8.4 50.0 18.6 4804 31.0 7.6 82.0 23.5
All fans Q3 18.0 4.4 2098 15.0 4.2 31.0 11.2 2197 22.0 6.3 58.6 33.4
All fans Q2c 35.8 6.9 2010 14.0 35 29.0 5.7 1962 19.0 6.3 48.2 17.3
All fans Q2b 56.5 8.8 1811 15.0 2.6 30.0 4.5 1603 20.0 4.1 47.0 14.3
All fans Q2a 72.5 7.3 800 15.0 3.3 31.0 6.7 900 19.0 4.6 42.0 7.2
All fans Q1 101.4 11.8 2203 20.0 4.0 41.0 14.5 2002 27.0 5.2 69.0 11.1
Birch creek Q1 122.5 14.5 400 28.0 7.7 68.2 22.7 400 34.0 5.5 91.0 19.3

Table 2. Grain size data compiled for each stratigraphic unit, using data from all 8 fan systems sampled in the field (given in Table 1). The Q1 surface on the
Birch Creek fan is separated from the other Q1 surfaces because it is significantly older by about 20 ka and is interpreted to date to the last interglacial period
(see Methods and D’Arcy et al., 2015). Grain size percentiles are measured from the total grain size data set for each stratigraphic unit (they are not averages
of the Dso and Dgs values quoted in Table 1). The error on grain size measurements reflects +1 standard deviation of Dsg or Dss if it is calculated for each

single sampling locality, and therefore reflects spatial variability.

Sediment source No. clasts Dso + Dga +
(mm) (mm) (mm) (mm)

Independence creek

Moraines 692 41.0 4.5 113.0 6.0

Scree 200 340.0 84.0 820.0 15.3

Landslides 200 33.0 - 82.0 18.3

Symmes creek

Moraines 400 40.0 5.1 100.0 26.4

Scree 200 335.0 - 900.0 -

Landslides 100 30.5 1.8 85.0 10.8

Table 3. Grain size measurements for major sediment sources sampled in the Independence and Symmes Creek catchments. Both catchments show

remarkably similar grain size properties for moraines, scree cones and landslides, which is attributed to the uniform granitic lithology in this study area.
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