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ABSTRACT

Fill terraces along rivers represent the
legacy of aggradation periods that are most
commonly attributed to climate change. In
the North Fork of the San Gabriel River, an
arid bedrock landscape in the San Gabriel
Mountains, California, a series of prominent
fill terraces was previously related to climate-
change-induced pulses of hillslope sediment
supply that temporarily and repeatedly over-
whelmed river transport capacity during the
Quaternary. Based on field observations, digi-
tal topographic analysis, and dating of Qua-
ternary deposits, we suggest instead that val-
ley aggradation was spatially confined to the
North Fork San Gabriel Canyon and was a
consequence of the sudden supply of uncon-
solidated material to upstream reaches by
one of the largest known landslides in the San
Gabriel Mountains. New °Be-derived sur-
face exposure ages from the landslide depos-
its, previously assumed to be early to middle
Pleistocene in age, indicate at least three
Holocene events at ca. 8-9 ka, ca. 4-5 ka, and
ca. 0.5-1 ka. The oldest and presumably most
extensive landslide predates the valley aggra-
dation period, which is constrained by exist-
ing “C ages and new luminescence ages to ca.
7-8 ka. The spatial distribution, morphology,
and sedimentology of the river terraces are
consistent with deposition from far-travel-
ing debris flows that originated within, and
mined, the landslide deposits. Valley aggrada-
tion in the North Fork San Gabriel Canyon
therefore resulted from locally enhanced sedi-
ment supply that temporarily overwhelmed
river transport capacity, but the lack of simi-
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lar deposits in other parts of the San Gabriel
Mountains argues against a regional climatic
signal. Our study highlights the potential for
valley aggradation by debris flows in arid
bedrock landscapes downstream of landslides
that occupy headwater areas.

INTRODUCTION

The way in which landscapes respond to
climate and other environmental changes is an
important issue in light of global climate change
and anthropogenic changes in land use (National
Research Council, 2010). Most geomorphic
research in this direction has so far focused
on soil-mantled landscapes and how changes
in rainfall, vegetation cover, and runoff lead to
changes in sediment transport on hillslopes and
by rivers (e.g., Knox, 1983; Blum and Torn-
qvist, 2000). Far less inquiry has addressed
how rapidly eroding, steep bedrock landscapes
respond to environmental changes (e.g., Riebe
et al., 2001; DiBiase and Lamb, 2013; Scher-
ler et al., 2015). This is a shortcoming, because
steep hillslopes and higher mass fluxes have the
potential for a greater and more rapid impact
on ecosystems and societies. The San Gabriel
Mountains in Southern California, for example,
rate amongst the most rapidly uplifting moun-
tains in the United States. Their steep slopes and
sensitivity to wildfires, flash floods, landslides,
and debris flows account for imminent hazards
to nearby urban areas (e.g., Eaton, 1935; Lavé
and Burbank, 2004; Lamb et al., 2011; Kean
et al., 2013). An assessment of the potential
risks that are associated with climatic and other
environmental changes requires understanding
the controls on sediment production and trans-
port in these landscapes and the ways in which
they change with time.

Because rates of sediment transport can be
quite variable, observational records are often
too short to yield reliable trends. This is par-
ticularly true in semiarid to arid environments,
which are characterized by high rainfall, runoft,
and discharge variability (e.g., Molnar et al.,
2006). In contrast, aggradational and degrada-
tional landforms provide comparatively lon-
ger records of landscape change and usually
integrate over short-term variability. Amongst
the most often used landforms for reconstruct-
ing landscape history are river terraces, which
are found all across the world. River terraces
record the geometry of previous valley floors,
which can be used to inform about sea-level
variations (e.g., Merritts et al., 1994), or tec-
tonic rates (e.g., Lavé and Avouac, 2001; Paz-
zaglia and Brandon, 2001). Their formation is
most often attributed to landscape-scale effects
of climate change (e.g., Leopold et al., 1964;
Brakenridge, 1980; Knox, 1983; Weldon, 1986;
Bull, 1991; Porter et al., 1992; Poisson and
Avouac, 2004; Pazzaglia, 2013; Scherler et al.,
2015). However, other studies have shown that
terraces can form even during periods of steady
downcutting, from intrinsic variations in river
lateral migration and meander cutoft (Davis,
1909; Merritts et al., 1994; Finnegan and Diet-
rich, 2011).

Traditionally, river terraces are subdivided
into strath and fill terraces. Whereas strath ter-
races are cut into bedrock and typically capped
with a thin veneer of sediment, fill terraces
represent remnants of valley fills that are often
several tens to hundreds of meters thick (e.g.,
Merritts et al., 1994; Pazzaglia, 2013). Most
generally, valley fills form when rivers switch
from incision to aggradation. In uplifting land-
scapes that are far away from sea-level changes,
aggradation that is due to damming of a river by
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a landslide (e.g., Korup et al., 2006), or glacier
(e.g., Montgomery et al., 2004; Scherler et al.,
2014), can usually be identified by a distinct
spatial association of the fill and the dam. Valley
fills that are more regionally distributed are in
most cases interpreted as resulting from flu-
vial aggradation in response to climate change
(Bull, 1991).

Whether a river incises, aggrades, or main-
tains a stable bed, depends on the balance
between the river’s transport capacity and the
supply of sediments from hillslopes (Lane,
1955; Bull, 1979, 1991). Temporal variations
in transport capacity are mostly due to changes
in discharge and the slope of the bed, whereas
both the amount and the caliber of sediment that
is supplied from hillslopes may vary. In static
equilibrium, rivers neither incise nor aggrade,
and their transport capacity is just in balance
with the supply of hillslope sediments. Any
change of the system’s variables may lead to
departure from equilibrium. For example, if dis-
charge increases, with everything else staying
constant, the river increases its transport capac-
ity and incises. Incision should result in shal-
lowing of the bed gradient until the river reaches
a new equilibrium. A decrease in discharge, or
an increase in the size or amount of sediment
supply, on the other hand, would force a river to
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aggrade and steepen its bed until shear stresses
at the bed become high enough to transport all
of its material.

Based on detailed field work and analyti-
cal tools available at that time, Bull (1991)
suggested that fill terraces in parts of the San
Gabriel Mountains in Southern California
(Fig. 1) were formed by cycles of river aggra-
dation and incision that occurred in response
to temporal variations in hillslope sediment
supply and river transport capacity induced
by climatic changes. Moreover, Bull (1991)
considered the San Gabriel Mountains as a
type locality for the response of an unglaci-
ated, semiarid to subhumid mountain range
to past climatic changes. Because the San
Gabriel Mountains are mostly a steep bedrock
landscape (Lamb et al., 2011), rather than a
soil-mantled landscape, with slope angles
greater than the angle of repose (DiBiase et al.,
2012), they are limited in their ability to have
a much thicker soil mantle even under differ-
ent Pleistocene climatic conditions. Because of
their apparent significance for understanding
how steep bedrock landscapes respond to cli-
mate change, we have chosen the San Gabriel
Mountains for a detailed analysis using mod-
ern analytical tools and the aim to identify the
processes responsible for valley aggradation.

STUDY AREA AND PREVIOUS WORK

The San Gabriel Mountains constitute a
transpressional basement block adjacent to the
Mojave segment of the San Andreas fault (Fig.
1A) that consists of mostly Precambrian igne-
ous and metamorphic rocks as well as Meso-
zoic granites. It is bounded in the south by
the predominantly reverse-slip Sierra Madre—
Cucamonga fault zone, along which Holocene
uplift rates of ~0.5-0.9 mm yr' have been
inferred, based on offset landforms (Petersen
and Wesnousky, 1994; Lindvall and Rubin,
2008). Uplift and exhumation of the San Gabriel
Mountains are thought to have initiated at ca.
12 Ma, and accelerated at ca. 57 Ma, when the
San Andreas fault replaced the San Gabriel fault
as the principal strike-slip fault in this region
(Matti and Morton, 1993; Blythe et al., 2002).
Spatial differences in the onset and rate of uplift
between different fault-bounded blocks within
the San Gabriel Mountains are thought to be
responsible for a northwest-southeast increase
in landscape-scale relief that coincides with
younger mineral cooling ages (Blythe et al.,
2000) and higher '"Be-derived erosion rates
(DiBiase et al.,, 2010), as well as enhanced
fluvial erosion and more frequent landsliding
(Lavé and Burbank, 2004).
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Figure 1. Geographical overview of the study area. (A) Hillshade map of the San Gabriel Mountains in the western Trans-
verse Ranges. Inset shows state of California (CA) with the trace of the San Andreas fault (SAF). (B) Hillshade map of the
North Fork San Gabriel and the Bear Creek Canyons. Dotted polygons denote landslide deposits, and thin black lines are
faults (Morton and Miller, 2006). (C) Topographic profiles across parts of the Bear Creek and North Fork (NF) San Gabriel

Canyons. See B for location.
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The largest drainage in the San Gabriel
Mountains is the San Gabriel River, with an
area of ~580 km? (Fig. 1A). Its East and West
Forks follow the San Gabriel Valley fault
for >40 km, whereas the North Fork of the
San Gabriel River is comparatively smaller
(49 km?). Along the lower ~6 km of the North
Fork San Gabriel River, Bull (1991) identified
four different flights of fill terraces, which he
linked to a regional terrace chronology with as
many as nine different terrace levels, includ-
ing sites along the Lytle Creek in the northern
San Gabriel Mountains, and the Arroyo Seco in
the western San Gabriel Mountains. The rela-
tive terrace chronology was substantiated by
three Holocene C ages from the North Fork
San Gabriel Canyon, and by correlation of soil
weathering stages (McFadden and Weldon,
1987) and acoustic wave speeds in boulders
(Crook, 1986) to dated terraces elsewhere in
the western Transverse Ranges. Based on this
chronology, Bull (1991) interpreted the fill ter-
races in the North Fork San Gabriel Canyon to
represent four cycles of river aggradation and
subsequent incision (i.e., cut-and-fill cycles)
that started at around 800, 120, 55, and 6 ka.

The North Fork San Gabriel Canyon stands
out against the rest of the San Gabriel Moun-
tains with its abundance of fill terraces (Bull,
1991), at least in the lower part of the catch-
ment. The upper part of the catchment is domi-
nated by two of the largest landslide deposits
in the San Gabriel Mountains, the Crystal Lake
landslide (CL in Fig. 1B), and the Alpine Can-
yon (AC in Fig. 1) landslide (Morton et al.,
1989). Initial studies (Miller, 1926) interpreted
the Crystal Lake landslide as glacial deposits
and thus evidence for Pleistocene glaciation in
the San Gabriel Mountains. This interpretation
was probably related to the fact that the land-
slide covers a considerable area in the upper-
most reaches of the North Fork San Gabriel
Canyon. Subsequent studies, however, sug-
gested that the San Gabriel Mountains have
not been glaciated during recent glacial periods
(Sharp et al., 1959). Given an estimated mini-
mum volume of ~0.6 km? (Morton et al., 1989),
the Crystal Lake landslide probably involved
the collapse of a sizeable mountain flank. The
Alpine Canyon landslide is located downstream
from the Crystal Lake landslide and is sourced
by a small tributary east of the main stem. No
dating of either landslide deposit has been
undertaken, but the most recent geological map
of this area assigns an early to middle Pleisto-
cene age to both landslide deposits (Morton and
Miller, 2006).

Adjacent to the North Fork San Gabriel
Canyon, there is the somewhat larger (73 km?)
Bear Creek Canyon, which otherwise has a

very similar morphology (Fig. 1B). At similar
distance from the confluence with the West
Fork, the Bear Creek lies ~500 m lower than
the North Fork San Gabriel River. This is partly
most likely the result of the Crystal Lake land-
slide deposit (Fig. 1C). The outcropping rocks
in both catchments, North Fork San Gabriel
and Bear Creek, generally consist of strongly
deformed basement rocks, including granitic
and gneissic rocks, mylonites, cataclasites,
and abundant dikes (Morton and Miller, 2006).
Due to their close proximity, and small and
similar size, they experience similar climatic
conditions and share a similar tectonic and
climatic history. If climate change caused flu-
vial aggradation in the North Fork San Gabriel
Canyon, it appears reasonable to expect simi-
lar geomorphic responses in the adjacent Bear
Creek Canyon. Throughout the remainder of
the paper, we will thus repeatedly compare the
adjacent North Fork San Gabriel and the Bear
Creek Canyons.

The restricted distribution of fill terraces in
the San Gabriel Mountains is surprising and
atypical for climate change-related fill terraces,
which typically are more widely distributed
(Knox, 1983). Furthermore, the spatial proxim-
ity of terraces and landslides in the North Fork
San Gabriel Canyon merits attention not previ-
ously granted. Specifically, we ask the question
whether this proximity is purely coincidental or
related. In the following, we will present field
observations, analysis of high-resolution digital
topography, and cosmogenic exposure-age and
luminescence dating that lead us to consider an
alternative mechanism for valley aggradation
in the North Fork San Gabriel Canyon and that
hold implications for the response of bedrock
landscapes to climate change.

DATA AND METHODS

Topographic Analysis and
Field Observations

The spatial distribution of terraces and land-
slide deposits in the North Fork San Gabriel
and Bear Creek Canyons was documented by
Bull (1991) and Morton and Miller (2006). We
complemented existing maps by our own field
observations using a handheld global positioning
system (GPS), topographic maps, and high-reso-
lution aerial images. Because dense chaparral
restricts direct access to most of the landscape,
we supplemented our field work with digital ele-
vation model (DEM) analysis using MATLAB®
and the TopoToolbox v2 (Schwanghart and
Scherler, 2014). The 3-m-resolution DEM is
based on interferometry of synthetic aperture
radar (IfSAR) data, which were acquired dur-

Geological Society of America Bulletin

ing winter 2002-2003 and provided by the
National Oceanic and Atmospheric Administra-
tion (NOAA) Coastal Services Center. Compari-
son with the 10-m-resolution National Elevation
Data set indicates that besides the influence of
vegetation, the IfSAR-derived DEM has higher
errors in steep terrain (>20°).

Our digital mapping of terrace surfaces used
automatic identification of potential terrace
pixels in the DEM, based on surface gradient,
curvature, and proximity to other pixels of simi-
lar attributes. Subsequently, we evaluated the
results by comparison with manually mapped
terrace surfaces in the North Fork San Gabriel
Canyon. It has been pointed out that the spatial
correlation of individual terraces can be mis-
leading and whenever possible should be sub-
stantiated with age dating (Merritts et al., 1994).
In our study area, however, distances between
individual terraces are short (<1 km), and
along-stream extents of some terraces are large
(>200 m). These facts allowed us to identify the
inclination of terrace surfaces and reconstruct
valley bottoms along the stretch of the stud-
ied valleys.

Although terrace surfaces ought to represent
former valley floors, surface processes modify
their morphology after abandonment. In par-
ticular, dissection by tributary rivers or colluvial
deposition from adjacent hillslopes can modify
terrace surfaces and obscure the original valley
floor gradient. We are aware that this method-
ology therefore fails when it comes to heavily
degraded terraces such as Bull’s (1991) T1 ter-
race. For comparing terrace surface gradients
with the gradients of the adjacent river channels,
we projected each terrace pixel into a smooth
flow path along the valley and fitted a straight
line to the distance-elevation pairs of all DEM
pixels that corresponded to a given terrace sur-
face. Although the smoothing of the flow path
changed its plan-view shape, we retained for
each pixel on the flow path its distance along the
river from the unsmoothed flow path. This way,
we avoided changes in the length of the flow
path (and thus gradient) through the smoothing
procedure.

To estimate sediment caliber, we conducted
grain-size counts within the present-day river
channel, on the floodplain, and along ter-
race outcrops, based on pace measurements at
equal steps of 1 m, without double counts, and
recorded the intermediate axis of each grain.
We acknowledge, however, that comparison of
surface measurements, where sorting of grain
sizes can be expected (e.g., Parker and Klinge-
man, 1982), with those from outcrops is not
straightforward. Our expectation is that grain
size counts from the modern channel may be
biased by larger grains.
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TABLE 1. SINGLE-GRAIN K-FELDSPAR POST-IR IRSL AGE ESTIMATES

Number of dated

Depth Elevation Number of grains used for Dose rate* Equivalent dose* Age*
Sample ID Lab code (m) (m) dated grains age estimate (mGy yr") (Gy) (ka)
SG13-01 J0525 25 576 36 6 3.67 £ 0.23 27124 7.4+0.8
SG13-02 J0526 25 576 46 7 3.68 £ 0.23 275+21 75+0.7
SG13-03 J0527 20 571 116 1 3.94 £ 0.35 221+47 5.6+1.3
SG13-04 J0528 4 813 109 4 4.39 +0.27 35.8+4.0 82+1.0
SG13-05 J0529 4 813 25 2 427 +0.25 29.8+7.2 7.0+£1.7

Note: IR—infrared; IRSL—infrared-stimulated luminescence.

*Errors reflect 16 uncertainties.

TABLE 2. "Be SAMPLE DETAILS AND ANALYTICAL RESULTS

Elevation Mean
above sea Boulder dimensions sample
Latitude Longitude level Height Width Length thickness Topographic °Be concentration*,t Exposure age’

Sample ID (°N) (°W) (m) (m) (m) (m) (cm) shielding (atoms/g Qz) (ka)
DS103 34.3157 117.8468 1730 1.7 25 3 8 1.000 52,181 + 1821 40+04
DS106 34.3153 117.8445 1702 1.9 25 3 5 0.998 49,143 + 1752 3.7+0.3
DS203 34.3055 117.8466 1422 4 4.5 7.5 7.5 0.998 55,599 + 2586 5.0+0.5
DS206 34.3062 117.8528 1603 15 2 2 55 0.985 449,291 + 8980 32.7+29
DS303 34.2815 117.8442 928 1.6 2 2 7 1.000 68,496 + 2225 8.5+0.8
DS304 34.2815 117.8441 930 2 2.8 3 4.5 1.000 64,201 + 6054 77+1.0
DS305 34.2814 117.8440 929 1 15 3 3.5 1.000 75,754 + 3040 9.1+09
DS402 34.2900 117.8355 1074 3 2.5 3 3 0.997 6997 + 868 0.8 +0.1
DS403 34.2910 117.8349 1096 15 2 2.5 7 1.000 9066 + 759 1.0+0.1
DS404 34.3066 117.8426 1426 3.5 25 3 3 0.998 46,803 + 2387 42+04
DS405 34.3065 117.8427 1424 2 2.5 6 7 1.000 43,610 + 1946 40x04
DS406 34.3123 117.8369 1536 6 5 6 3.5 0.997 49,394 + 1491 41+04
DS502 34.2881 117.8233 1420 3 4 25 10 0.908 7661 + 3283 0.8+0.3
DS503 34.2894 117.8238 1361 1.6 2 2.5 2 0.952 6720 + 3031 0.6+0.3
DS504 34.2887 117.8257 1377 1 2.4 2.8 10 0.999 7179 + 3671 0.7+0.3

*The subtracted laboratory process blank °Be/°Be ratios are 5.5 x 10'° (DS103—-DS305) and 3.8 x 107'® (DS402-DS504). The °Be/°Be ratios were normalized to the
°Be standard 07KNSTD with a nominal °Be/°Be ratio of 2.85 x 102 (Nishiizumi et al., 2007).

t1°Be concentration uncertainties reflect total analytical uncertainties at 1o level.

SExposure ages with external uncertainties based on a time-dependent version (Balco et al., 2008) of the production rate scaling model by Lal (1991) and Stone (2000).

Geochronological Control

Infrared Stimulated Luminescence Dating

To obtain age constraints on the aggrada-
tional episode in the North Fork San Gabriel
Canyon, we collected five samples for dating
by single-grain postinfrared infrared stimu-
lated luminescence (post-IR IRSL) analysis of
K-feldspar at two locations. Samples were col-
lected in steel tubes pushed horizontally into
sandy units within vertical sediment exposures.
In situ gamma spectrometer measurements were
made at each sample location, to determine the
gamma dose rate contribution from the sur-
rounding sediment. Sediment beta dose rates
were based on U, Th, and K concentrations
determined using inductively coupled plasma—
mass spectrometry (ICP-MS) and optical emis-
sion spectrometry (OES), corrected for grain
size and water content attenuation. Cosmic dose
rates were estimated using present burial depths.
The analytical results and calculated ages are
provided in Table 1.

The luminescence dating approach adopted
here is relatively new, and it is particularly suited
for regions where quartz grains display low opti-
cally stimulated luminescence (OSL) sensitivity
(Rhodes, 2015). A detailed description of the
analytical procedures is provided in the supple-

mentary materials' and in Rhodes (2015). The
specific advantage of measuring single grains
is that sediments deposited rapidly, or close to
their source, may contain many grains that were
exposed to insufficient daylight to fully reset
their luminescence signals. The use of single
grains allowed us to isolate the grains with the
minimum equivalent dose (D,) values by suc-
cessively excluding grains with high D, values
until the remaining population was consistent
with an overdispersion value of <15% (for
details, see Rhodes, 2015). The post-IR IRSL
signal we used is less rapidly bleached by sun-
light than the quartz OSL signal (Rhodes, 2011),
and our samples displayed many grains that had
very high dose values. The single-grain post-IR
IRSL age estimates presented here are based on
results from a small proportion of grains with
low dose estimates; the results of many other
grains with apparently old age estimates were
rejected as representing grains that were not
exposed to light during, or immediately before,
their transport and deposition within the sam-
pled sedimentary unit. In adopting this approach

!GSA Data Repository item 2016046, additional
details on the single-grain post-IR IRSL dating, and
a color version of Figure 8B, is available at http://
www.geosociety.org/pubs/ft2016.htm or by request
to editing @ geosociety.org.
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we follow long-established luminescence dat-
ing procedures for the interpretation of single-
grain results (Roberts et al., 1999). Where we
observed no indications of postdepositional
sediment disturbance, we rigorously used the
minimum dose values to estimate age. In our
presentation of the single-grain results, we only
show grains with ages younger than 100 ka for
clarity, although grains with older, and often sat-
urated, ages were measured too. A single, very
young grain, which we interpret as introduced
by bioturbation from a nearby burrow encoun-
tered during sampling, was excluded from age
analysis for sample SG13-04.

“Be Exposure Dating

We used in situ—produced '“Be surface expo-
sure dating of landslide boulders to constrain the
history of landslide occurrence in the North Fork
San Gabriel Canyon. In the field, we identified
large (>3 m) and presumably stable boulders,
i.e., wider than tall and imbedded within the sur-
rounding deposits, which showed no evidence
of recent spallation. We took our samples from
the top surface of each boulder, and we recorded
their average thickness and the orientation of the
sampled surface, which were used for shield-
ing corrections. Separation and purification of
quartz grains, as well as chemical extraction
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of beryllium and isotopic measurements with an
accelerator mass spectrometer, were done fol-
lowing standard procedures at the Purdue Rare
Isotope Measurement Laboratory, Purdue Uni-
versity. Table 2 lists the analytical sample results
and the associated 16 uncertainties, based on
the propagated uncertainties in the carrier con-
centration, two process blanks (1°Be/°Be ratios
of 5.5 x 107" and 3.8 x 107), and the isotope
measurements. We calculated exposure ages
from '“Be concentrations using the CRONUS-
Earth online calculator v2.2 (Balco et al., 2008).
The exposure ages we report here are based on
the time-dependent version of the Lal (1991)/
Stone (2000) production rate scaling model (Lm
in Balco et al., 2008). Topographic shielding
was calculated using the DEM and following
Dunne et al. (1999). Shielding by snow or vege-
tation is negligible in the San Gabriel Mountains

Fluvial terrace
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and was not included. Frequent wildfires in the
San Gabriel Mountains could affect boulder sur-
faces by spallation, even if we did not see any
evidence for it in the field, which would bias
exposure ages to the young side. If significant,
however, spallation should lead to scatter in
ages from different boulders obtained from the
same deposit, which, as shown here, is not sig-
nificant for our study site.

RESULTS

Morphology of the Modern Valley Floor

Compared to the Bear Creek Canyon and other
rivers in the San Gabriel Mountains, the modern
valley floor in the North Fork San Gabriel Can-
yon is relatively wide and covered with alluvium,
suggesting that the valley still contains substan-
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tial amounts of sediments that bury the bedrock
riverbed. In fact, the only notable bedrock outcrop
along the channel is at ~1 km distance from the
confluence with the West Fork San Gabriel River
(Fig. 2). Here, the river has cut an ~17-m-deep
and ~60-m-long bedrock gorge into the eastern
valley side, whereas 50 m farther west and at the
same height as the gorge, terrace deposits can be
seen. It thus appears that during incision of the
former valley fill, the river did not reoccupy the
same position within the valley but was trapped in
the newly formed epigenetic gorge (e.g., Ouimet
et al., 2008). The gorge is the furthest location
upstream from the junction of the West Fork San
Gabriel River at which we observe bedrock in the
channel bed. This is in contrast to the Bear Creek
Canyon, and most other rivers in the San Gabriel
Mountains, which are bedrock or have only a thin
veneer (<1 m) of alluvial cover (DiBiase, 2011).

Figure 2. River terraces
in the lower parts of the
North Fork San Gabriel
and Bear Creek Can-
yons. Hillshade map is
color-coded by hillslope
angles. Post-IR IRSL
samples shown in red
font.
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With bankfull channel widths of 5-10 m, the
active channel occupies only a small portion of
the surface of the modern valley floor, which
is typically 100-200 m wide. Even beyond the
channel banks, the floodplain exhibits meter-
scale relief, related to gullies, boulder levees,
and lobate boulder deposits (Fig. 3A-D), which
we infer to represent mostly debris-flow depos-
its (cf. Whipple and Dunne, 1992).

Scherler et al.

Longitudinal River Profiles

The longitudinal profile of a river has a
characteristic shape that encodes information
about its evolution and along-stream changes
in the forcing and boundary conditions
(Mackin, 1948; Hack, 1957). The downstream
slope and upstream area of a graded river
typically obey power-law scaling (e.g., Flint,

1974), and under conditions of topographic
steady state, uniform lithology, climate, and
rock uplift rates, the particular scaling param-
eters are expected to be identical across a land-
scape (Wobus et al., 2006; Kirby and Whipple,
2012). To analyze the scaling behavior of
longitudinal river profiles and to avoid issues
with DEM noise that may get exaggerated in
slope data (e.g., Wobus et al., 2006), we trans-

Figure 3. Field photographs of the valley floor and terrace deposits in the North Fork San Gabriel Canyon. (A) Boulder levee
adjacent to the active channel (to the right, where trees grow). (B) Close-up of debris-flow channel near the debris-flow snout.
(C) Exposure of poorly sorted, matrix-supported valley floor sediments near the active channel. (D) Close-up of outcrop shown
in C. (E) Fill terrace (T7) at Tecolote Flat (see Fig. 2 for location), showing poor sorting but vertical variations in grain size.
(F) Close-up of outcrop shown in E, with subangular clasts in fine-grained matrix, similar to modern valley floor outcrop in D.
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formed the horizontal coordinate (distance) of
channel elevation data by upstream integra-
tion, and minimized the misfit between the
resulting so-called % plot and a straight line
(Perron and Royden, 2012).

Analysis of the North Fork San Gabriel
River and Bear Creek channels shows that
the degree to which the slope-area data obey
power-law scaling differs between the two
drainage networks (Fig. 4). In particular, the
North Fork San Gabriel shows considerably
greater deviations of the individual profiles
from a straight line than the Bear Creek pro-
file. Furthermore, the largest tributary of the
North Fork San Gabriel River displays more
gentle slopes than the main-stem river, result-
ing in lower elevations at similar distance from
their confluence. It should be noted, however,
that this tributary (Bichota Canyon) appears
to follow a branch of the San Gabriel fault,
which may partly explain the unusual mor-
phology. Quite different from this, the channel
maintains a relatively constant gradient across
the epigenetic gorge and does not have a pro-
nounced knickpoint (Fig. 4), despite the strong
lithological contrast between the bedrock and
the valley fill, and the abundance of water-
falls elsewhere in the San Gabriel Mountains
(DiBiase et al., 2015). Nevertheless, the pecu-
liar profile of the North Fork San Gabriel River
in its upper reaches coincides with the extent
of landslide deposits, suggesting that this part
of the drainage is not in topographic equilib-
rium. In contrast, the longitudinal profile of
the Bear Creek appears relatively graded for
most of its length, and the main stem and its
tributaries share rather similar channel steep-
ness values, although deviations from a graded
profile exist. These could be related to tran-
sient adjustments to changes in tectonic forc-
ing (e.g., DiBiase et al., 2015).

Spatial Distribution of Terraces

River terraces in the North Fork San Gabriel
Canyon are exclusively found along the lower
7 km of the valley and range in character and
size from possible terrace remnants a few meters
wide and long, to well-developed flat terrace
treads of up to ~70,000 m? in area (Fig. 2). In the
lower 4 km of the valley, we identified at least
six different terrace levels, with heights ranging
between ~2-5 m and ~85 m above river level (arl;
Fig. 5A). The most extensive level, at ~40 m arl,
corresponds to Bull’s (1991) T7 terrace. Lower
terraces appear to be cut into the T7 valley fill.
Higher terraces are less frequent and more dif-
ficult to identify and to trace along the valley. At
a distance of 4-5 km from the outlet, where the
North Fork San Gabriel River turns northward,
the T7 terrace surface decreases in elevation
and eventually disappears farther upstream. The
highest upstream-located, well-developed ter-
race surface is at ~20 m above the river bottom.
Because of the similarity in extent, this terrace
may represent the continuation of T7, as already
noted by Bull (1991), which would require a sig-
nificant decrease in height above the river. The T7
and younger terraces are clearly fill terraces, as
shown at several outcrops where the entire stra-
tigraphy, from the modern valley floor to the top
terrace surface, is exposed. For the higher (older)
terraces (T4 and T1 in Bull, 1991), this cannot be
ascertained due to the lack of exposure.

It is notable that the majority of terraces are
located on the northwestern bank of the North
Fork San Gabriel River, and that they are most
abundant between ~1 and 5 km distance from
the confluence with the West Fork of the San
Gabriel River. This valley reach coincides with
a zone of subdued relief (Fig. 2) that traces the
San Gabriel fault zone across the Bear Creek
Canyon before branching off the main fault

zone in a northeastern direction to follow a fault
branch along the North Fork San Gabriel and
Bichota Canyons (Jennings and Bryant, 2010).
Surprisingly, however, we found no terraces in
Bichota Canyon.

River terraces are also abundant in the Bear
Creek Canyon, and they are predominantly found
in the lower ~8-9 km of the valley (Fig. 2). In
contrast to the North Fork San Gabriel Canyon,
all terraces that we observed in Bear Creek Can-
yon were strath terraces, with fluvial gravels of a
few meters thickness, at most, resting on top of
bedrock. Unlike terraces in the North Fork San
Gabriel Canyon, terraces in the Bear Creek Can-
yon have similar heights and define at least two
pronounced terrace levels at ~35 m and ~77 m
arl (Fig. 5B). The higher level is more abundant
in the upper reaches of the Bear Creek Canyon,
and, in many places, the terrace surfaces can be
seen to transition into gentle-sloping colluvial
hillslopes (Fig. 2). Other terrace levels are less
well expressed or indistinguishable from the two
more pronounced levels.

River terraces also exist along the West Fork
San Gabriel River, but their distribution is more
restricted (Fig. 2). Since its construction in 1939,
the San Gabriel Dam, which is located ~3.5 km
downstream from the confluence of the East
and West Forks of the San Gabriel River, has
forced the river to aggrade its bed, as far as 3 km
upstream from the confluence. Beyond this dis-
tance, the only terraces we observed are strath ter-
races of relatively small extent (~50 m x 50 m).
‘We extrapolated the two most pronounced terrace
surfaces in the Bear Creek and North Fork San
Gabriel Canyons into the West Fork, to examine
whether they line up with other distinct terrace
levels (Fig. 5C), although we acknowledge that
correlating terraces across watersheds by eleva-
tion can be problematic. The lower terrace level
in Bear Creek Canyon (~35 m arl) is very close
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Figure 4. Longitudinal profiles of the North Fork San Gabriel and Bear Creek drainage networks. Inset figures
show best fitting y-transformed drainage networks and the resulting slope-area scaling. See text for details.
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(Az < 5 m) to two terrace levels in the West Fork.
For the upper terrace level (~70 m arl), the exact
position of the confluence with the West Fork
is not well constrained, but it appears poorly
aligned with higher terrace levels in the West
Fork Canyon. The two most pronounced terrace
levels in the North Fork San Gabriel Canyon

align only partly with corresponding terrace lev-
els in the West Fork. Whereas the TS terrace level
in the North Fork San Gabriel Canyon might
be related to the upper terrace level in the Bear
Creek Canyon, the widely distributed T7 terrace
level appears to be distinctly different from any
terrace surfaces in the Bear Creek Canyon.
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Terrace versus River Gradients

Present-day river gradients in the North Fork
San Gabriel Canyon cluster around 0.05 and
0.08, corresponding to reaches below and above
the junction with Bichota Canyon, respectively
(Fig. 6). Terrace surface gradients along the
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between 0 and 10 km upstream distance from the outlet. Size and color coding of the marker symbols are the same

in both panels. Downstream elongation is defined as the ratio of the downstream and the across-stream extent.

channel axis direction occupy a wider range
of values, ~0-0.1, and are on average slightly
less steep than the active channel. River gradi-
ents in Bear Creek Canyon are typically lower,
between 0.03 and 0.06, although upstream parts
of the river steepen to 0.1. Terrace gradients in
Bear Creek occupy a similar range as those in
the North Fork San Gabriel, but they appear on
average somewhat gentler than the correspond-
ing river gradients. In both canyons, the shal-
lowest gradients are typically associated with
terrace surfaces for which the true dip is highly
oblique to the valley axis, and which have a
rather small downstream elongation; that is,
their across-valley extent is large relative to their
down-valley extent. These attributes indicate
that the measured surface gradients are associ-
ated with relatively higher uncertainties.

Valley Fill Reconstruction

Based on the spatial distribution of T7 terrace
surfaces in the North Fork San Gabriel Canyon,
we estimated the elevation of the corresponding
former valley fill surface (Fig. SA). After project-
ing terrace pixels into the flow path, we sought
a visual fit of all T7 terraces with piecewise
splines. The along-valley distance of each ter-
race pixel was obtained by creating a 1-km-wide
swath that followed the valley using functions
from the TopoToolbox v2 (Schwanghart and
Scherler, 2014). The resulting one-dimensional
valley fill surface was extended laterally by
assuming across-valley constant heights, again
using the 1-km-wide swath. Finally, each pixel

was assigned the maximum value of the val-
ley fill surface and the modern topography (cf.
Scherler et al., 2015). Subtracting the present-day
topography from the valley fill surface yields an
estimated volume of ~0.034 km® of material that
has been eroded since abandonment of the T7
surface (Fig. 7A). We also estimated the bedrock
elevation beneath the valley fill, by projecting the
adjacent hillslopes at an angle of 35° into the sub-
surface. This hillslope angle is representative for
bedrock hillslopes in the North Fork San Gabriel
and Bear Creek Canyons (Fig. 2; DiBiase et al.,
2010). Although this approach is rather crude
and misses details of the true bedrock surface, it
allows us to obtain a rough estimate of the vol-
ume of material that is still stored in the valley.
By subtracting the estimated bedrock elevation
from the reconstructed T7 surface, we estimate
the total volume of the valley fill to be of the
order ~0.1 km? (Fig. 7B). The estimated depth to
bedrock increases with upstream distance from
the outlet of the North Fork San Gabriel and
reaches its maximum depth of >100 m below the
present-day valley bottom near the junction with
the Bichota Canyon. Farther upstream, valley
narrowing results in a decrease of the estimated
depth to bedrock to <50 m, followed by another
increase toward the transition from the terraces to
the landslide deposits.

Terrace Stratigraphy
At small spatial scales (centimeters), the sedi-

ments exposed at terrace outcrops do not show
any stratification (Figs. 3E and 3F). At larger spa-
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tial scales, coarse-grained, poorly sorted lenses of
subrounded to subangular boulders and cobbles
that are roughly ~0.5-2 m thick and 20 m wide
are vertically separated by ~2 m from finer-
grained matrix-supported deposits (Fig. 8B).
The transition between the coarse-grained lenses
and the fine-grained deposits is gradual and not
well defined. These assemblages look similar
to the levee-snout topography on the modern
floodplain. At two locations along the North Fork
San Gabriel River, we measured the dip of the
coarse-grained lenses from outcrops that parallel
the valley trend using a laser range finder (Fig. 2).
Near the upstream end of the terraces, at 6.3 km
distance from the outlet, these lenses dip at
0.11-0.12 (n = 2), which is slightly steeper than
the gradient of the river (~0.1) and of the terrace
surface (~0.07). At a distance of 4.7 km from the
outlet, the lenses dip at ~0.05-0.06 (n = 3), which
in this case is less than the gradient of the river
(~0.08) and of the terrace surface (~0.08).

Scherler et al.

Fluvial response to climate change is expected
to produce grain-size variations (Armitage
et al.,, 2011). The grain size of the sediment
within the terraces, however, is not markedly
different from that of sediment in the modern
channel and on the floodplain, or from sedi-
ment on the floodplain of Bear Creek (Fig. 9).
Median grain sizes (D) of the terrace depos-
its range between 22 and 60 mm in diameter
(Table 3). Although our grain-size measure-
ments from the active channel and floodplain
of the modern valley floor indicate on average
coarser grains compared to the terraces, this
difference may simply be due to the effect of
sorting, in which both debris-flow deposits
and riverbeds tend to have coarser grains near
their tops (e.g., Parker and Klingeman, 1982;
Takahashi, 2014). Significant variability in
grain sizes was also observed by DiBiase and
Whipple (2011) in a study covering the entire
San Gabriel Mountains, where median grain

| 4C (Bull, 1991)
7.3+0.1 ka
7.60.2ka

sizes (Ds,) ranged between ~22 and 180 mm.
From Figure 8B, it is clear that significant
grain-size variations exist within individual ter-
race deposits—a fact that is also reflected in the
different grain-size distributions that we and
Bull (1991) obtained from the same T3 deposit
(Fig. 9). Finally, it is notable that we observed
by far the largest grain sizes in our survey of the
active channel immediately downstream of the
landslide deposits. Bull (1991) reported simi-
lar values from an active channel (SC), but the
location was not documented.

Post-IR IRSL Depositional Ages

The three available '“C ages that were
obtained by Bull (1991) stem from a 40-m-high
and ~150-m-wide terrace outcrop at Tecolote
Flat (Fig. 2). This is a key locality where the
hypothesis of multiple cut-and-fill events can
be tested, because the outcrop exposes gravels

IRSL (this study)
0.8 ka (SG13-01) FS
0.7 ka (SG13-02) [

IRSL (this study) :
(5.621.3 ka, SG13-03) [

Figure 8. River terraces in the North Fork San Gabriel Canyon. (A) View upstream from road near Tecolote Flat. T4, T7, and
T8 denote terrace levels originally defined by Bull (1991). The river is concealed by bare-branched trees. (B) Fill terrace out-
crop (40 m high) at Tecolote Flat. Dashed white line marks boundary that was proposed by Bull (1991), between a stratigraphi-
cally older (T3) and younger valley fill (T7). See the supplementary material for a color version of the photograph in Figure 8B
(see text footnote 1). Ages in B are from Bull (1991) and infrared stimulated luminescence (IRSL; this study).
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that are associated to the T7 terrace, and accord-
ing to Bull (1991), presumably also older (T3)
deposits that were buried by the T7 gravels and
are now reexposed. Due to the poor sorting of
the sediments, we found it difficult to pin down
the contact between these units at the outcrop,
whereas at greater distance, differences in grain
size and color are apparent (Bull, 1991; see Fig.
S1 in the supplementary material). In the lower-
left part of Figure 8B, the dashed line follows
a ledge in the modern face of the cliff that is
decorated with vegetation (cf. Fig. S1 [see foot-
note 1]), and it raises the impression that the T3
deposit is actually adjoining the T7 deposit lat-
erally and therefore younger.

To shed light on the stratigraphic order of these
deposits, we collected three IRSL samples
at Tecolote Flat. The first two (SG13-01 and
SG13-02) stem from the apparent T3 deposit,
close to the base of the terrace (Fig. 8B), and are
vertically separated by only ~1 m. With deposi-
tional ages of 7.4 + 0.8 ka (SG13-01) and 7.5
0.7 ka (SG13-02; Fig. 10), both samples yielded
ages that are statistically indistinguishable from
Bull’s (1991) “C ages of 7.3 + 0.1 ka and
7.6 + 0.2 ka, which came from the T7 deposit
to the left of the T3 deposit. Our third sample
(SG13-03) was collected from the T7 deposit at
a stratigraphically higher, and hence younger,
position, compared to Bull’s (1991) *C samples
and is located to the right of the T3 deposit. This
sample displays very poor bleaching, with only
a single result representing a well-separated
minimum age peak at 5.6 + 1.3 ka (SG13-03;
Fig. 10). This single result is from 116 grains
that provided finite age results of 400 mea-
sured in total for this sample. Note that given
the significant 16 uncertainty, this sample may
be consistent in depositional age with the two
lower samples from this exposure, or it may

TABLE 3. GRAIN-SIZE

COUNTING RESULTS

Number Grain
of size
measurements (mm)
Location n D Dy, Dy
North Fork San Gabriel Canyon
Near Crystal Lake (channel) 123 9 35 150
Km 7 (channel) 191 11 215 586
Km 2.3 (floodplain) 100 10 31 128
Km 2.3 (terrace T3) 137 4 20 121
SC* (channel) 97 8 120 406
T1* (terrace) 99 9 23 55
T3 (terrace) 98 8 60 174
T7* (terrace) 100 6 22 73
T8* (terrace) 97 6 38 183
Bear Creek
Km 3.3 (floodplain) 111 15 34 59
Km 2.9 (floodplain) 117 12 23 52

*Based on grain-size histograms given in

Bull (1991).

have been deposited somewhat later. Because
the population of old grains is very similar to the
samples SG13-01 and SG13-02, we think that
this sample is just very poorly bleached, due to
insufficient exposure to sunlight. Therefore, our
new IRSL ages agree with the available '“C ages
by Bull, and they do not support an old (T3) val-
ley fill covered by the T7 terrace. An alternative
explanation is that the T3 deposit truly adjoins
the T7 deposit laterally but has been eroded in

its central part, exposing the T7 material that we
dated. However, this scenario appears unlikely
because coarse-grained layers can be traced
continuously across the face of the presumable
T3 deposit. More samples and observations are
needed to unravel the stratigraphic context of
these units.

The other two samples were taken from a ter-
race outcrop near the uppermost limit of the fill
terraces, close to the first occurrence of landslide

SG13-01,n = 36 SG13-02, n = 46 SG13-03,n = 116 / |

7.4+0.8 7.5+0.7 5.6%1.3
5 | (=9 (n=7) (n=1)
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Depositional age (ka)

Figure 10. Apparent age and probability density functions of single-grain Postinfrared infra-
red stimulated luminescence (IRSL) determinations (all results in gray; grains selected for

age estimation in black). The text inside the a

xes provides the sample ID and the number of

grains that produced a finite age estimate (top row), the depositional age with 16 uncertainties
obtained from selected grains highlighted in black (middle row), and the number of grains
contributing to the age (bottom row). The samples are dominated by a broad distribution of
many unbleached or poorly bleached grains, and a young age peak. See text for details.
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deposits (Fig. 2). These samples yielded again
very few grains that we considered potentially
bleached. The most likely age of SG13-04 is
8.2 = 1.0 ka, based on only four grains. We dis-
carded one grain that gave an even younger age
of ca. 2 + 1 ka, which we think might have been
related to a bird burrow that we encountered at
the sampling site. The stratigraphically higher,
and hence younger, sample SG13-05 gave an
age of 7.0 = 1.7 ka, based on only two grains.
Again, the population of old grains in these
two samples is very similar to that of the other
samples, which we interpret to be the result of
incomplete bleaching.

Landslide Deposits

Crystal Lake Landslide

Based on their morphology and distribu-
tion, we distinguished at least three different
landslide deposits in the upper North Fork San
Gabriel Canyon (Fig. 11). The most exten-
sive deposit belongs to the Crystal Lake (CL)
landslide and covers an area of ~7 km?, situ-
ated between ~1000 and ~2000 m elevation.
Approximately half of the area lies at an eleva-
tion above 1600 m and constitutes a broad, pan-
shaped alluvial surface, which is surrounded
by bedrock hillslopes that transition into scree
slopes, debris-flow channels, and debris fans.
Several smaller intermittent creeks occupy this
surface and leave it in its southeastern corner,
where they merge to form Soldier Creek. Large
parts of this upper level appear to constitute
reworked landslide deposits and active fluvial
and debris-flow depositional areas, which pre-
vented us from collecting any samples there.
Crystal Lake itself is confined to a small topo-
graphic depression in the southwestern corner
of the upper level, adjacent to steep bedrock
hillslopes in the west and an elongated, north-
to-south—trending topographic ridge in the east.
This so-called Sunset Ridge can be traced for
>3 km as a distinct morphological feature that
is associated with large and angular, gneissic-
granitic boulders on its surface. Although no
clear detachment scars can be seen in the field,
Sunset Ridge, and the morphology of the sur-
rounding hillslopes, suggests that the source
areas of the Crystal Lake landslide were located
to the north and east of this upper level (Morton
et al., 1989). Below the upper low-relief area,
there is another, less-extensive one, which is
located at elevations of around 1400 m. These
two levels are separated by a topographic step,
which features an ~500-m-wide slump along its
steepest part. West of the lower level, additional
gentle-sloping surfaces are located ~150-200 m
higher, but farther to the south, they join into the
same level. Below ~1350 m, the Crystal Lake
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Figure 11. Map of landslide deposits in the headwaters of the North Fork San Gabriel Can-
yon. Upper-right inset shows tentative chronology of landslide events, constrained by "Be-
surface exposure ages. Topographic profile a-a” is shown in Figure 16.

landslide deposit is exposed on steep hillslopes
and confined on either side by Coldbrook and
Soldier Creeks, which are actively incising
headward, thereby creating pronounced ero-
sional escarpments.

We collected seven samples from boulders
that we associate to the Crystal Lake landslide
for surface-exposure dating with '"Be. Three of
the samples (DS103, DS106, and DS406) stem
from boulders situated on the upper level, but at
opposing sides of the valley. All three samples
yielded ages that overlap within uncertain-
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ties (Fig. 11; Table 2), with an average age of
ca. 3.9 + 0.2 ka. Three more samples (DS203,
DS404, and DS405) that we collected from boul-
ders on the lower low-relief area yielded similar
ages, with an average age of ca. 4.4 + (.25 ka.
The slightly older age is due to sample DS203,
which gave an age of ca. 5.0 + 0.5 ka, which in
turn may be due to inheritance, as an adjacent
boulder yielded an age of 4.0 + 0.4 ka (DS405).
Our last sample (DS206) from the Crystal Lake
landslide stems from the gentle-sloping area that
is located west of and ~150 m above the lower
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three samples. This boulder has an exposure age
of ca. 33 + 3 ka. As this is our only sample from
the Crystal Lake landslide with an age markedly
older than mid-Holocene, it is difficult to provide
a concluding explanation. Because the boulder
rests on relatively low-sloping terrain that is at a
markedly higher elevation than the areas farther
to the east, it may be that these surfaces represent
remnants of an older deposit.

Alpine Canyon Landslide

The Coldbrook and Soldier Creeks join at the
toe of the Crystal Lake landslide and flow for
another ~500 m across a gentle-sloping alluvial
reach before they dissect the lower part of the
Alpine Canyon landslide. The Alpine Canyon
landslide covers an area of ~1.3 km?, between
~900 and ~1800 m elevation, and it is steeper
and narrower than the Crystal Lake landslide.
The canyon’s drainage originates at ~2300 m,
near the highest point of the catchment, and it is
first manifested as a debris-flow channel with a
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flow channel a
2000 | \
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I landslide ridge
deposits

Elevation (m)

a 4o oo
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slope of ~0.62 that has been carved ~50 m into
the bedrock (Fig. 12). Near ~1700 m, the chan-
nel encounters the landslide deposit, marked
by a pronounced topographic step (Fig. 12B).
Between an elevation of ~1500 and 1300 m,
the channel has a slope of ~0.23 and is paral-
leled by an ~2-km-long topographic ridge that
straddles the southeastern valley side. This ridge
is quite similar to the Sunset Ridge at the Crystal
Lake landslide, although it is less vegetated and
bounded by a steep slope at the valley side. The
area between the ridge and the hillside occu-
pies a subhorizontal, hummocky surface that is
mantled by coarse and angular boulders (Fig.
13B). This boulder field extends for more than
1 km, parallel to the canyon, and terminates at
an east-west—striking interfluve, suggesting that
landslide material overtopped the barrier to the
south. Along the lower 3 km, the Alpine Can-
yon landslide has an average surface gradient
of ~0.13 and develops a slightly convex sur-
face that has been dissected by the intermittent

34°18'0"N

Alpine Canyon Creek. Between the transverse
profiles “e” and “f” in Figure 12, the so-called
Cloudburst Canyon is cut ~35 m into the land-
slide surface (Fig. 14) and bounded by hillslopes
with slope angles of 40° and more.

We collected five samples from boulders that
we associate with the Alpine Canyon landslide.
Three of the samples (DS502-DS504) stem
from the boulder field in the southeastern corner
of the landslide, at an elevation of ~1250 m (Fig.
13B). The three ages overlap within uncertain-
ties and yield an average age of 0.7 + 0.2 ka. The
other two samples (DS402-DS403) stem from
boulders from the surface of the main landslide
deposit near Cloudburst Canyon and have sim-
ilar ages of ca. 0.9 + 0.1 ka. For a maximum
landslide age of ~1000 yr, the 35 m of incision
at Cloudburst Canyon yields a time-averaged
incision rate of 35 mm yr~'.

The lowermost landslide deposit is found near
the toe of the Alpine Canyon landslide, which led
Morton et al. (1989) to suggest that it is part of
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Figure 12. Morphology of the Alpine Creek landslide. (A) Hillshade map showing landslide deposits (dotted), topographic
ridges (dashed black lines), and trace of topographic profiles (solid black lines). Triangles indicate dated boulders. Contour
interval is 50 m. (B) Longitudinal profile along channel marked x-x’in A. Gray areas denote incision of channel into bedrock
and landslide deposits, as obtained from white profile next to the channel in A. Positions of transverse profiles shown in
C are marked by lowercase letters (a—f). (C) Topographic profiles transverse to the downvalley direction. Thick gray lines
mark distribution of landslide deposits.
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the same landslide. However, the deposit, which
has an area of ~0.4 km? and an average elevation
of ~950 m, is ~50 m higher than the adjacent sur-
face of the Alpine Canyon landslide, precluding
a common origin. Similar to the terminal part
of the Alpine Canyon landslide, the river-facing
slope forms a steep (>30°) erosional escarpment
and a gentle-sloping surface that dips away from
the river toward the western hillslopes, some-
what resembling the morphology of a large
levee. Much of the northern half of this deposit
has undergone surface modification by human
activity, deposition in closed depressions, or col-
luvial deposition from adjacent hillslopes. Three
samples (DS303-DS305) that we collected from
boulders near the southern limit of the deposit
have exposure ages that overlap within uncertain-
ties and yield an average age of 8.4 = 0.5 ka.

Summary Landslide Deposits

Our exposure ages from boulders on the land-
slide deposits define three age populations (Fig.
15). The oldest population yields an age of ca.
8-9 ka and refers to the lowermost landslide
deposit. Given our simplifying assumption of
negligible erosion of the boulder surfaces, this
is likely a minimum age. Because this deposit
is unrelated to the adjacent, but topographically
lower, ca. 0.5-1 ka Alpine Canyon landslide
deposit, we suggest that it represents a rem-
nant of the initial Crystal Lake landslide, which
would have extended farther downstream than it
does today. Gentle-sloping hillslopes at ~1500 m
elevation, west of the Coldbrook Creek (Fig. 11),
could indicate a formerly continuous surface that
connected the upper level of the Crystal Lake
landslide with the lowermost deposit (Fig. 16).
We interpret the ca. 4-5 ka boulders on the upper
part of the Crystal Lake landslide as representing
another landslide event that could have occurred
either independently (cf. Morton et al., 1989),
or as a secondary failure within the deposits of
the initial landslide. Fresh landslide deposits
typically display hummocky topography where
surface waters can accumulate in local depres-
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Figure 13. Landslide boulders.
(A) Typical granitic-gneissic
boulder that was sampled
for surface exposure dating
(DS403). Boulder height is
~1.5 m. (B) Boulder field atop
topographic ridge associated
with the Alpine Canyon land-
slide, near sample DS503. View
is to the southwest. Field of
view in the center of the photo-
graph is ~150 m.

Figure 14. Field photograph of the Alpine Canyon land-
slide and Cloudburst Canyon. The landslide surface has
been dissected by ~35 m. Star indicates sampled boulders
with an exposure age of ca. 0.9 + 0.1 ka.

Landslide boulders
(1OBe) '_'_.

3 4 5 6 7 8 9
Age (ka)

10 11 12

Figure 15. Sample ages and combined proba-
bility density function for landslide boulders
(solid) and terrace sediments (hollow) in the
North Fork San Gabriel Canyon. Postinfra-
red infrared stimulated luminescence (post-
IR IRSL; squares) and "Be ages (circles)
are from this study; “C ages (triangles)
are from Bull (1991). Error bars reflect 1o
(IRSL, *C) and external uncertainties ('’Be;
cf. Balco et al., 2008).
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Figure 16. Topographic profile across the
Crystal Lake landslide. Solid black line
gives elevation along profile a-a” shown in
Figure 11. Bold gray line indicates landslide
deposits, broken where inferred. Thalweg
and ridgeline elevations are projected into
the profile.
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sions and facilitate secondary slope failures by
exerting hydrostatic pressure on the surrounding
materials. The slump that borders the higher part
of the Crystal Lake landslide could represent
such a process at small spatial scale.

DISCUSSION

Our results bring new data to bear on deep-
seated landsliding, fill terraces, and a potential
connection between the two in the North Fork
San Gabriel Canyon. First, we evaluate the
hypothesis of Bull (1991) that the fill terraces
are a result of climate-change—induced changes
in sediment supply. Second, we discuss our pre-
ferred interpretation that the fill terraces are a
result of increased sediment supply and debris-
flow activity following deep-seated landslides.
Third, we discuss the timing of deep-seated
landsliding and potential triggers. Fourth, we
discuss the implications of our findings for
landscape evolution in the San Gabriel Moun-
tains and for the ways in which rapidly eroding
landscapes respond to climate change.

Fill Terrace Formation Caused
by Climate Change?

Bull (1991) argued that valley aggradation in
the North Fork San Gabriel Canyon (and else-
where in the San Gabriel Mountains) was due
to climatic changes that caused an increase of
hillslope sediment supply relative to the trans-
port capacity of rivers. Although Bull (1991)
essentially applied the climate change model
to all terraces in the North Fork San Gabriel,
he focused on the T7 terrace, which is also the
focus in our study. In this model, the princi-
pal mechanism of valley aggradation is fluvial
deposition of bed load, which we find difficult
to reconcile with our observations. First, there
is no record of a major climate shift over the
last 7 k.y. Instead, reports of paleoclimatic con-
ditions in Southern California during the early
Holocene are diverse. For example, Owen et al.
(2003) and Kirby et al. (2007) found indications
that the early Holocene may have been a time
of higher rainfall than today, whereas periods
of dune activity and paleolakes in the Mojave
Desert suggest that the entire Holocene was
comparatively drier than the latest Pleistocene,
including the Last Glacial Maximum (Tcha-
kerian and Lancaster, 2002). Furthermore, the
Holocene aggradation episode in the North
Fork San Gabriel Canyon was concurrent with
a period of downcutting from ca. 10 to 2 ka in
the Cajon Creek area that followed extensive
aggradation between 16 and 10 ka (Weldon and
Sieh, 1985). Studies from other places around
the western Transverse Ranges indicate that one

or several major pulses of aggradation and allu-
vial-fan formation occurred between ca. 60 and
30 ka (Weldon and Sieh, 1985; Matmon et al.,
2005; Van der Woerd et al., 2006; Fletcher et al.,
2010; Behr et al., 2010; McGill et al., 2013;
Owen et al., 2014).

Second, the spatial confinement of fill terraces
to the North Fork San Gabriel Canyon is at odds
with climatic forcing and gradual deposition by
rivers, which ought to have had a more regional
impact on the drainage network. One explanation
could be that the rate of incision into the valley
fill had been limited by the epigenetic gorge in
the lower part of the North Fork San Gabriel Can-
yon (Fig. 2) and thereby allowed preservation of
much of the valley fill, which was more rapidly
eroded in neighboring canyons like that of Bear
Creek. This scenario, however, does not explain
why fill terraces are absent from the Bichota Can-
yon because it is a tributary to the North Fork San
Gabriel Canyon and should have responded in a
similar way. This suggests an evenly distributed
valley fill has never existed to the same extent as
in the North Fork San Gabriel Canyon, perhaps
because very rapid deposition and incision of the
valley fill in the North Fork San Gabriel Canyon
prevented significant backfilling.

Third, the materials that make up the terrace
deposits do not have a clear fluvial signature.
The lack of sorting, the mostly subangular clasts
without any discernible imbrication, a matrix-
supported texture, the lack of fine-scale lamina-
tion, and the high amount of sandy to granular
matrix material are more typical of debris-flow
deposits. The high slopes (0.05-0.1) of the pres-
ent-day river channel, the terrace surfaces, and
the stratification within the valley fill are indeed
consistent with slopes reported from debris-flow
channels (Stock and Dietrich, 2003) and sup-
port our observations of debris-flow levees and
snouts (e.g., Whipple and Dunne, 1992) across
the modern valley floor. Furthermore, the domi-
nance of grains in our terrace sediment samples
in which luminescence signals have not been
reset during transport is consistent with debris-
flow transport in which grains were only rarely
exposed to sunlight. The periodically occur-
ring lenses within the terrace deposits are likely
deposits from successive debris flows or surges,
or they may represent lateral heterogeneity as
the main debris-flow lobes shifted across the
floodplain (as is apparent in the modern flood-
plain). Bull (1991), in contrast, interpreted the
angularity of the T7 deposits as derived from
frost weathering of bedrock during full-glacial
conditions, but that their transport to the stream-
bed by runoff did not occur until the early to
mid-Holocene. This model requires stable hill-
slopes over several thousand years during the
late Pleistocene and early Holocene (Bulll,
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1991), which we find hard to reconcile with ero-
sion rates of ~1 mm/yr (DiBiase et al., 2010) in
this part of the San Gabriel Mountains.

Fourth, we do not observe any significant
change in channel slope or grain size between
the terrace treads and the modern channel,
suggesting no major changes in the transport
regime. Grain-size distributions within terraces
are similar to those in the active channels and
floodplains at very different locations within
the drainage, which suggests that the processes
transporting sediment through the canyons have
remained approximately the same. Although this
argument needs to be substantiated with more
observations, it would corroborate the hypoth-
esis of a debris-flow origin of both the terrace
and the streambed sediments.

Finally, because large parts of the San Gabriel
Mountains are mostly bedrock with little hill-
slope storage of sediment, it is unlikely for
small changes in climate to cause large changes
in sediment supply. Most debris flows in the San
Gabriel Mountains are associated with winter
storm events and are particularly common after
wildfires (e.g., Doehring, 1968; Lavé and Bur-
bank, 2004; Cannon et al., 2010; Lamb et al.,
2011; Kean et al., 2011). There exist numerous
historical examples of debris flows that reached
urban areas outside of the San Gabriel Moun-
tains (e.g., Chawner, 1935; Morton and Hauser,
2001), and these events were the reason for the
construction of debris retention basins fringing
the San Gabriel Mountains (LACDPW, 1991).
According to current models, loose sediments
are stored on steep hillslopes behind vegeta-
tion dams (Lamb et al., 2011, 2013). These are
frequently destroyed by wildfires, which have
recurrence intervals of ~30 yr (DiBiase and
Lamb, 2013), and which release the sediment
to steep river channels. Ensuing runoff during
winter storms evacuates these channels, typi-
cally leading to mud and debris flows (Doeh-
ring, 1968; Morton and Hauser, 2001; Cannon
et al., 2008; Prancevic et al., 2014). The volume
of material that can be released from hillslopes
is thus limited by the rate of soil production
and the size of vegetation dams. Because soil
production rates in the San Gabriel Mountains
are high (Heimsath et al., 2012), and vegetation
dams are rather small, hillslope storage in the
San Gabriel Mountains tends to be saturated
within decades (Lamb et al., 2011; DiBiase and
Lamb, 2013). Therefore, the amount of hillslope
material that can be released by environmental
changes is strongly limited. Unlike soil-mantled
landscapes, in the San Gabriel Mountains there
simply is not a large reservoir of colluvium to
mine. Moreover, changes in the rate of soil pro-
duction are likely too small to explain rapid val-
ley aggradation in a few thousand years.



At odds with our bedrock-landscape hypoth-
esis is that of Bull (1991), who suggested that
different terraces levels in the North Fork San
Gabriel Canyon, in addition to T7, also reflect
the impacts of earlier climatic changes. Spe-
cifically, the higher-lying T1, T3, and T4 ter-
races (Figs. 5 and 8) were thought to stem from
aggradation-incision cycles during the middle
to late Pleistocene (Bull, 1991). The abundance
of sediment-mantled strath terraces in the Bear
Creek Canyon and the West Fork of the San
Gabriel River at similar elevations above the
river suggests the possibility that these terraces
could have a similar origin. Strath terraces are
common in the San Gabriel Mountains and may
record an increase in tectonic activity (DiBiase
et al., 2015). Unfortunately, we were not able
to locate exposures of these terraces to verify if
they are fill or strath. While the existence of a T3
terrace is debatable, Bull (1991) observed that
the T4 terrace within the North Fork is indeed a
fill terrace. Thus, the climate-change hypothesis
remains a viable explanation for older terraces
in the North Fork San Gabriel River, which
deserve targeted future work.

Fill Terrace Formation Caused
by Deep-Seated Landslides

Instead of climate change, here we propose
that the deep-seated landslides in the upper
part of the North Fork San Gabriel Canyon
provided the sediment supply that led to val-
ley aggradation, primarily by debris flows,
and the formation of terraces. Figure 17 pro-

Landslide provides
large supply of easily
erodible sediments

Headward erosion
:. and debris flows...

Time

...lead to terrace
aggradation

\. Decreasing supply and
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Figure 17. Sketch of fill-terrace formation
by debris flows due to sediment supply from
a large landslide.
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vides a simple sketch of how we think the val-
ley aggradation is related to the deep-seated
landslide: (A) First, a more extensive Crystal
Lake landslide deposited large amounts of eas-
ily erodible material in the headwaters of the
North Fork San Gabriel Canyon, probably at
ca. 8-9 ka. (B, C) Headward erosion into the
landslide deposits triggered abundant debris
flows that stacked on top of each other and
filled up the valley below the landslide, prob-
ably at very high rates. (D) Progressive val-
ley aggradation and erosion of the landslide
deposits reduced the relief contrasts and the
sediment supply, which eventually caused
reincision of the valley fill. In the following
paragraphs, we discuss whether this model is
consistent with the available data.

The landslide deposits in the upper part of
the North Fork San Gabriel Canyon constitute
a huge storage of unconsolidated material that
could account for a long-lived source of debris
flows. The Wright Mountain landslide (near the
town of Wrightwood, ~20 km to the east), for
example, formed prior to A.D. 1500, but it is
still an ongoing source of debris flows that are
frequently triggered by snowmelt and rain (e.g.,
Morton and Kennedy, 1979). Following the
landslide events in the North Fork San Gabriel
Canyon, loose sediments without any vegeta-
tion cover were exposed to erosion over large
areas of the catchment. Subsequent incision of
rivers and debris flows into the landslide depos-
its has probably been rapid, which is supported
by the 35 m of incision into the surface of the
Alpine Creek landslide in Cloudburst Canyon at
an average rate of ~35 mm yr~' during the last
~1000 yr. Even nowadays, the headscarp area of
the Alpine Creek landslide is feeding large talus
cones at rates that are high enough to prevent
colonization by vegetation. Once the landslide
surface had been colonized by vegetation, the
same principles as on other hillslopes apply,
namely, that wildfires and heavy precipitation
events increase the chance for debris flows (e.g.,
Lamb et al., 2011).

In case the initial, more extensive Crystal
Lake landslide deposit was truly the source of
debris flows that built up the valley fill, our esti-
mated volume of the valley fill would have to be
smaller than the landslide deposit. Morton et al.
(1989) suggested that the Crystal Lake landslide
deposit had a minimum volume of 0.6 km?, but
it is not clear what this estimate was based on.
Using a landslide area-volume scaling relation-
ship that is based on a global data set (Vol-
ume = 0.146 + 0.005 x Area!33? =095 T arsen
et al., 2010), and the currently exposed area of
the Crystal Lake landslide (~7 km?), we esti-
mate a volume of 1.95 + 0.09 km?. When add-
ing the area of the lowermost landslide deposit
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(0.4 km?), near the toe of the Alpine Canyon
landslide, the volume estimate increases to 2.1 +
0.09 km®. Therefore, the estimated volume of
the valley fill (0.1 km?) could indeed account for
the sediments that were eroded from an initial,
more extensive Crystal Lake landslide deposit.
For comparison, if the entire valley fill were
derived from hillslopes upstream of the fill, the
equivalent soil/regolith thickness would have to
be ~4 m, assuming similar densities. Although
this number would be somewhat smaller if part
of the valley fill stemmed from older aggrada-
tion episodes, soils in the San Gabriel Moun-
tains, if present, have typical depths of less than
~75 cm (Dixon et al., 2012; Heimsath et al.,
2012). A hillslope origin of the valley fill would
thus require significantly thicker soils in the
past, which is difficult to reconcile with the high
steepness of the hillslope angles (DiBiase and
Lamb, 2013).

Furthermore, if our hypothesis about the
origin of the valley fill in the North Fork San
Gabriel Canyon is true, the landslide would
have to predate the aggradation of the valley fill.
Although we obtained only four IRSL sample
ages from the aggradational period, these ages
are in good agreement with the two “C ages
previously obtained by Bull (1991), and they
suggest that between 7 and 8 ka, aggradation
of the valley fill was under way. Because the
base of the valley fill is currently not exposed,
the aggradation phase likely initiated somewhat
earlier, but it is difficult to judge by how much.
From measurements of sediment yield of the
San Gabriel River, we can estimate the time
scale for depositing the valley fill. Between
1937 and 2006, the mean annual sediment
accumulation behind the San Gabriel Dam was
~580,000 m* yr' (LACDPW, 1991), which is
equivalent to a mean basinwide erosion rate
in the San Gabriel catchment of ~1 mm yr,
consistent with detrital ’Be-data from this
region (DiBiase et al., 2010). The annual sedi-
ment yield from areas upstream of the valley
fill (~25 km?) amounts to ~25,000 m® yr~!, and
filling up the valley with ~0.1 km® of sediment
would thus have taken ~4000 yr. These sedi-
ment yields, however, correspond to areas that
are largely free of landslide material, and it is
most likely that sediment yields from the land-
slide areas have been much higher, resulting in
more rapid valley aggradation.

It has been shown previously that sediment
yields from recently burned areas are often an
order of magnitude higher than the background
rates, presumably due to the transition from
supply- to transport-limited processes (Doeh-
ring, 1968; Lavé and Burbank, 2004; Lamb
et al., 2011). If the same logic applies to fresh
landslide deposits, where loose sediment is
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virtually unlimited, the filling could potential
occur over a few hundred years. The apparent
rapid incision of the Alpine Canyon landslide
and the lack of aggradation in Bichota Canyon
support our assumption that the landslide mate-
rial is easier to erode than bedrock. Decadal
hillslope erosion rates in the Illgraben, one
of the most active debris-flow catchments in
the Swiss Alps (Schlunegger et al., 2009), for
example, range between ~200 and 400 mm
yr~' (Bennett et al., 2012, 2013). Although this
catchment contains no large landslide deposit,
it is developed in highly fractured metasedi-
mentary rocks that might be considered com-
parable. Korup et al. (2004) estimated immedi-
ate postfailure sediment yields from three large
historic landslides in the Southern Alps, New
Zealand, to be in excess of 70,000 t km™ yr~,
which translates to erosion rates of ~37 mm
yr~' (for an assumed landslide deposit density
of 1.9 g cm™). Decadal-scale erosion rates were
on the order of 13—18 mm yr~' and resulted in
rapid valley aggradation over a downstream
length of >7.5 km (Korup et al., 2004). From
these numbers, and our millennial incision rate
of the Alpine Canyon landslide deposit, erosion
rates of landslide deposits in the North Fork San
Gabriel Canyon of >10 mm yr~! appear plausi-
ble and would allow filling up the valley in less
than ~650-800 yr, for typical trapping efficien-
cies of ~50%—-60% (Korup et al., 2004). There-
fore, we conclude that the time frame for valley

aggradation postdating the earliest landslide (ca.
8-9 ka) in the North Fork San Gabriel Canyon
appears to be reasonable.

In our study, we did not constrain the age of
the T7 terrace surface, which we consider the
top surface of the postlandslide valley fill. If
valley aggradation was truly rapid, reincision
of the valley fill might have started soon after
ca. 7 ka, probably at a rate that was limited by
bedrock incision in the epigenetic gorge. Dur-
ing the downcutting, the formation of multiple
cut terraces could occur even in the absence of
climatic changes. In this regard, one may won-
der if the older terraces, i.e., T1, T4, and per-
haps T3, could have been formed in a similar
fashion. At this stage, there do not exist enough
observations to make a firm conclusion, but the
ca. 33 ka boulder age we obtained from near
the drainage divide with the Bear Creek may
indicate an even older landslide, which could
have triggered a similar episode of aggradation
and incision that produced the older terraces.
It is also possible that these terraces represent
cuts into the same landslide-derived fill as the
younger ones. The more extensive planation of
the T7 surface could then be related to a change
in substratum when the river encountered bed-
rock and formed the epigenetic gorge. Finally,
the T1 and T4 terraces could also be strath ter-
races similar to the ones we observe in the Bear
Creek, but according to Bull (1991), at least the
T4 terrace consists of alluvium.

Landslide Trigger and Timing

There exist abundant landslide depos-
its within the San Gabriel Mountains (Morton
and Miller, 2006), but the Crystal Lake and
Alpine Canyon landslides in the North Fork
San Gabriel Canyon are the most extensive
ones (Morton et al., 1989). An obvious question
is therefore: Do they owe their occurrence to
special conditions exclusively found in this val-
ley? Neither the present-day local climate, nor
the bedrock geology, or the proximity to active
faults like the San Andreas fault, appears suffi-
ciently distinct from the rest of the San Gabriel
Mountains to favor large landslides exclusively
in the North Fork San Gabriel Canyon. The
gentle-sloping terrain in the vicinity of the San
Gabriel fault zone (Fig. 2) suggests that tectoni-
cally induced fractures act to lower rock mass
strength, but there is no obvious fault zone in
the upper part of the North Fork San Gabriel
Canyon. We note, however, that this canyon lies
within a zone of very high relief that stretches
from the Bear Creek Canyon eastward across
the North Fork San Gabriel Canyon and the
Mount Baldy area toward the southeastern edge
of the San Gabriel Mountains (Fig. 18). Regions
that lie to the northwest of the North Fork San
Gabriel and Bear Creek Canyons are relatively
high in altitude (>1500 m), but they exhibit
lower relief. Cosmogenic-nuclide—derived ero-
sion rates (DiBiase et al., 2010) and mineral
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Figure 18. Map of the San Gabriel Mountains showing 2-km-radius local relief (grayscale colors), catchment
boundaries (thick white lines), selected mountain peaks (triangles), the landslide deposits in the North Fork San
Gabriel Canyon (NFSG; thin white lines), potentially seismogenic faults (black lines), and locations (letters A-D)
of debris-flow catchments shown in Figure 19. BC—Bear Creek catchment.
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cooling ages (Blythe et al., 2000) record much
faster short- and long-term erosion of the high-
relief versus the low-relief areas, which implies
that headward incision of the San Gabriel drain-
age maintains or accentuates the relief contrast
between these two morphologic domains. As a
result, topographically induced stresses in the
high-relief area are likely larger than in regions
of lower relief (e.g., Miller and Dunne, 1996). It
is clear that the Crystal Lake and Alpine Creek
landslide deposits have reduced the topographic
relief in the headwaters of the North Fork San
Gabriel Canyon. In fact, the present-day topog-
raphy in the headwaters of the Bear Creek Can-
yon may resemble that of the North Fork San
Gabriel Canyon prior to failure. Consequently,
the headwaters of Bear Creek Canyon could
potentially be sites of future large landslides. It
is also conceivable that similar large landslides,
of which no more evidence exists, occurred dur-
ing earlier times in areas of rapid valley incision
and high topographic relief.

Periods of wetter climates may trigger large
landslides through enhanced pore pressure
(e.g., Bookhagen et al., 2005; Dortch et al.,
2009; Zerathe et al., 2014). Because past cli-
matic changes in the San Gabriel Mountains are
debated, it remains uncertain if they could have
affected the timing of landslides in the North
Fork San Gabriel Canyon. However, irrespective
of potential climatic influences, the proximity of
the San Gabriel Mountains to seismogenic faults
seems to provide ample opportunities to trigger
large slope failures on a frequent basis. Paleo-
seismic records from Wrightwood indicate recur-
rence intervals of surface-rupturing earthquakes
along the San Andreas fault of ~100 yr over the
past 1500 yr (Weldon et al., 2004). Although
recurrence interval estimates for other seismo-
genic faults, like the Sierra Madre—Cucamonga
fault zone to the south (Fig. 1A), do not exist, his-
torical ruptures (Lindvall and Rubin, 2008) show
their potential for ground acceleration. Hence,
we suspect that the topographic conditions in the
headwaters of the North Fork San Gabriel Can-
yon were the primary factors for the occurrence
of exceptionally large landslides, while seismic
shaking may have been the actual trigger.

Implications for Landscape Evolution
in the San Gabriel Mountains

Our study has shown that the North Fork
San Gabriel Canyon has been in a state of topo-
graphic disequilibrium since at least ca. 8-9 ka.
The lower part of the North Fork San Gabriel
Canyon may have been filled with sediments by
ca. 6-7 ka, followed by incision. The fact that
likely >60% of the valley fill has not yet been
excavated suggests that it may take another
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~10,000 yr before the North Fork San Gabriel
River reaches bedrock again, probably regulated
by the rate of river incision within the epigenetic
gorge near the confluence with the West Fork
of the San Gabriel River. Although incision
into the landslide deposits appears to proceed
very rapidly, the sheer volume of the landslide
deposit is sufficient to keep the upper part of the
North Fork San Gabriel Canyon in a transient
state for many thousand years to come. This cir-
cumstance may also explain part of the scatter
that is seen in functional relationships between
topographic metrics, such as channel steepness
or local relief, and rates of erosion estimated
from thermochronology (Spotila et al., 2002) or
cosmogenic nuclides (DiBiase et al., 2010).

There exist other catchments in the San Gabriel
Mountains where debris flows frequently occur
and where the valley has been buried by consid-
erable amounts of sediments (Fig. 19). Examples
include active debris-flow catchments on the
southwestern slope of Mount Baldy (Fig. 19A),
or to the east of Mount Baden-Powell (Fig. 19B).
There also exist catchments where deposits with
debris-flow channels on the surface provide evi-
dence for past debris-flow activity (Fig. 19C). A
tributary of the Big Tujunga River features volu-
minous deposits that have already been incised
again (Fig. 19D). Similar to the North Fork San
Gabriel Canyon, these fill deposits are in contrast
to widespread strath terraces in the main stem of
the Big Tujunga Canyon (DiBiase et al., 2015).
These examples indicate that valley aggrada-
tion by debris flows may in fact be a frequent
process that affects higher-order drainages in
the San Gabriel Mountains, and they provide
another indication of topographic and erosional
disequilibrium.

Implications for Climate Change Impacts
in Rapidly Eroding Bedrock Landscapes

Our study has shown that concepts of how
hillslopes and rivers respond to climate change
that are largely based on landscapes with thick
soil mantles (e.g., Bull, 1991) may not apply to
steep, and rapidly eroding arid bedrock land-
scapes. Although river terraces have proven to
be useful indicators of climate change in glaci-
ated and soil-mantled landscapes (e.g., Knox,
1983; Bull, 1991; Bridgland and Westaway,
2008; Pazzaglia, 2013), there currently exists
little evidence that they form in a similar fashion
in the San Gabriel Mountains. We think that this
is partly related to the limited amount of hill-
slope sediment that can be stored in these envi-
ronments. Although prolonged periods of more
humid conditions could allow for changing types
of vegetation cover and therefore damming
capacities, this only leads to increasing hillslope
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storage if wildfires do not destroy these dams
on a regular basis as they do now, and if soil
production rates are higher than river incision
rates. Heimsath et al. (2012) reported soil pro-
duction rates in the San Gabriel Mountains of up
to ~0.5 mm yr~!, but rates higher than ~0.2 mm
yr~' only occur on hillslopes steeper than 30°,
with thin (<30 cm) and patchy soil cover that is
frequently stripped off by landslides (Heimsath
et al., 2012; DiBiase et al., 2012).

Although soil production rates may increase
with precipitation, observations indicate that
this holds only for low erosion rates (<0.05 mm
yr~'; Dere et al., 2013) and is more pronounced
under arid to hyperarid conditions (mean annual
precipitation <100 mm yr~'; Owen et al., 2011).
Therefore, even if climatic changes in the San
Gabriel Mountains would cause markedly more
humid conditions, the ability to accumulate
significant amounts of sediment on hillslopes
appears limited, mainly because they are rap-
idly uplifting and steeper than the angle of
repose (e.g., Lamb et al., 2011; DiBiase et al.,
2012). A fundamental transition from bedrock
to soil-covered hillslopes would thus require
lower hillslope angles. However, erosion rates
from decades to thousands of years and mil-
lions of years show no major changes (Blythe
et al., 2000; Spotila et al., 2002; Lavé and Bur-
bank, 2004; DiBiase et al., 2010; Lamb et al.,
2011), and landscape adjustment time scales to
changes in uplift rate in the San Gabriel Moun-
tains play out over a few million years (DiBiase
etal., 2015).

Loose sediment may also accumulate in
colluvial hollows before it enters the valley
network (e.g., Reneau et al., 1990). However,
in the San Gabriel Mountains, colluvial hol-
lows are typically scoured by debris flows that
are frequently triggered by winter storms and
are particularly common after wildfires (e.g.,
Kean et al., 2011). Furthermore, our work and
previous studies (Stock and Dietrich, 2003,
2006) suggest that considerable parts of the
San Gabriel Mountains are shaped by debris
flows, and it is also not clear how debris-flow
channels respond to changes in sediment supply
and water discharge. Together, these unknowns
make it difficult to determine the response of
steep, unglaciated bedrock landscapes to cli-
mate change. It is clear, however, that lessons
learned from glaciated, fluvial-dominated, and
soil-mantled landscapes may not simply trans-
late to steep bedrock landscapes.

CONCLUSION
The North Fork San Gabriel Canyon is an

arid, rapidly eroding, bedrock landscape in the
San Gabriel Mountains, California, that fea-
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Figure 19. (dashed lines indicate viewing direction) Oblique aerial views of active (A, B) and inactive (C, D) debris-flow
catchments in the San Gabriel Mountains. Vertical arrows indicate sediment source areas; horizontal arrows indicate
debris-flow deposits. Distance from source area to toe of debris-flow deposits is ~9 km (A), 4 km (B), 2 km (C), and 4 km (D).
All images are from Google Earth.

tures a series of prominent fill terraces that were
previously related to periods of river aggrada-
tion induced by climatic changes (Bull, 1991).
We challenge this view and instead propose
that deep-seated landslides in the upper part of
the North Fork San Gabriel Canyon provided
voluminous sediment supply that led to valley
aggradation, primarily by debris flows, and the
formation of terraces. A debris-flow origin of the
terrace deposits is supported by our morphologi-
cal and sedimentological observations, and the
scarcity of grains that were exposed to sunlight
long enough to completely bleach their lumines-
cence signal, and it is consistent with abundant
debris-flow deposits throughout the San Gabriel
Mountains. Our new Holocene exposure ages
reveal that the Crystal Lake and Alpine Canyon
landslides are much younger than previously
assumed, and that subsequent erosion of the
landslide material was very rapid. The debris-
flow origin of the terrace deposits renders accu-
rate dating of the aggradation period by lumi-
nescence methods difficult, but our new ages
based on post-IR IRSL single-grain dating are

consistent with available “C ages and indicate
that aggradation occurred during the early-mid-
Holocene, subsequent to the oldest landslide
event. The occurrence of these landslides in the
North Fork San Gabriel Canyon is probably pro-
moted by large topographic stresses associated
to high landscape relief, and proximity to seis-
mogenic faults like the San Andreas Fault.
These results show that enhanced sedi-
ment supply following large deep-seated land-
slides can produce valley fills and terraces that
resemble fluvial terraces, especially when the
debris-flow deposits are fluvially reworked,
but they may have origins independent of cli-
mate change. In fact, the lack of a continuous
soil cover and the limited storage of hillslope
sediments in steep and arid bedrock landscapes
appear to greatly limit the potential for climatic
changes to cause significant valley aggradation
by fluvial deposition. Furthermore, our study
has shown that erosion and sediment transport
processes in the San Gabriel Mountains can be
highly episodic in space and time, and inter-
spersed with aggradational periods. These cir-
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cumstances create ambiguity in the interpreta-
tion of erosion rate estimates that integrate over
time scales of less than 10* yr and relationships
between landscape-scale erosion rates and mor-
phometric parameters.
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