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ABSTRACT

Volcanic eruptions fundamentally alter 
landscapes, paving over channels, decimat-
ing biota, and emplacing fresh, unweath-
ered material. The fluvial incision of blocky 
lava flows is a geomorphic puzzle. First, 
high surface permeability and lack of sedi-
ment should preclude geomorphically ef-
fective surface runoff and dissection. Fur-
thermore, past work has demonstrated the 
importance of extreme floods in driving 
incision via column toppling and plucking 
in columnar basalt, but it is unclear how 
incision occurs in systems where surface 
blocks are readily mobile. We examine 
rapid fluvial incision of the Collier lava 
flow, an andesitic Holocene lava flow in the 
High Cascades of Oregon. Since lava flow 
emplacement ~1600 yr ago, White Branch 
Creek has incised bedrock gorges up to 8 m 
deep into the coherent core of the lava flow 
and deposited >0.2 km3 of sediment on the 
lava flow surface. Field observation points 
to a bimodal discharge regime in the chan-
nel, with evidence for both annual snow-
melt runoff and outburst floods from Col-
lier glacier, as well as historical evidence of 
vigorous glacial meltwater. To determine 
the range of discharge events capable of 
incision in White Branch Creek, we used a 
mechanistic model of fluvial abrasion. We 
show that the observed incision implies that 
moderate flows are capable of both initiat-
ing channel formation and sustaining inci-
sion. Our results have implications for the 
evolution of volcanic systems worldwide, 
where glaciation and/or mass wasting may 
accelerate fluvial processes by providing 
large amounts of sediment to otherwise 
 porous, sediment-starved landscapes.

INTRODUCTION

What Sets the Pace of Fluvial Incision 
in Volcanic Landscapes?

Effusive volcanic eruptions reset fluvial land-
scapes by paving over channel networks, kill-
ing and damaging vegetation, and burying soils 
(Jeffer son et al., 2014). Though volcanic land-
scape disturbance has been well documented in 
modern explosive eruptions (Major et al., 2000; 
Gran and Montgomery, 2005; Swanson et  al., 
2013), the processes driving the posteruption 
fluvial dissection of lava flows are relatively 
unconstrained (Jefferson et  al., 2010; Deligne 
et al., 2013). Blocky lava flows, with high sur-
face permeability (Freeze and Cherry, 1979) 
and low nutrient content (Deligne et al., 2013), 
which inhibit both surface water and vegetation 
growth (Jefferson et al., 2014), present a particu-
lar conundrum in volcanic landscape evolution. 
Previous  workers have proposed that permeabil-
ity reduction via in situ weathering (e.g., Lohse 
and Dietrich, 2005) is an essential precursor to 
drainage development in these systems (Jeffer-
son et al., 2010).

However, there are many prominent canyons 
incised into lava flows where soil development 
is limited or absent (Lamb et al., 2008a, 2014; 
Baynes et  al., 2015). Investigation of these 
channels has demonstrated that they formed 
as a result of catastrophic floods in excess of 
the magnitude of meteorologic events (e.g., 
O’Connor and Beebee, 2009). These floods are 
often caused by dam breaches, both from natu-
ral impoundments (moraines, landslides, glacial 
ice; Costa and Schuster, 1988) and man-made 
structures (e.g., Lamb and Fonstad, 2010). Past 
work has documented channels that are cut into 
columnar basalt flows or other jointed rocks, 
where prominent sets of vertical joints enable 
rapid incision via plucking (Whipple et  al., 
2000a) and block toppling (Lamb and Dietrich, 

2009). For these systems, smaller discharges 
cannot mobilize the plucked blocks or lack the 
tools to perform abrasion (e.g., Baynes et  al., 
2015) and are hence unable to incise the bed.

Columnar jointing is not a ubiquitous feature 
of lava flows. Blocky lava flows, associated 
with stratovolcanoes and volcanic fields world-
wide, are composed of a rubbly surface layer 
and a coherent, massive core (Kilburn, 2000). 
Though the blocks of the surface layers can 
be up to several meters in diameter (Deardorff 
and Cashman, 2012), the lack of consolidation 
means that unlike in columnar flows, toppling 
is not required to initiate incision. Nevertheless, 
where blocky lava flows and alpine glaciation 
(or large landslides) co-occur, it is likely that 
lava flows are subject to large, sediment-laden 
discharge events in the form of dam breach 
floods (O’Connor and Costa, 2008). These 
events have the potential to provide the tools 
and geomorphic power necessary to carve 
fluvial channels, perhaps through bedrock 
abrasion, which is typically much slower than 
erosion via plucking (Whipple et  al., 2000a). 
Determining the rate and style of incision pro-
cesses due to these large-scale events is essen-
tial to understanding the evolution of temperate 
volcanic landscapes as well as unraveling feed-
backs between surface change and hydrologic 
response.

Approach and Scope

Here, we focus on the fluvial incision of Col-
lier lava flow, a basaltic andesite flow in the 
High Cascades of Oregon where White Branch 
Creek has incised up to 8 m into the flow and 
deposited >0.2 km3 of alluvial sediment (Fig. 1; 
 Deligne et  al., 2013). Using a combination of 
field evidence, high-resolution light detection 
and ranging (LiDAR) topography, and numeri-
cal modeling, we ask: Can extreme events (sensu 
O’Connor and Costa, 2008) achieve rapid inci-

GSA Bulletin; Month/Month 2016; v. 128; no. X/X; p. 1–13; doi: 10.1130/B31537.1; 10 figures; 2 tables; Data Repository item 2016322.; 
published online XX Month 2016.

†sweeneyk@ up .edu

For permission to copy, contact editing@geosociety.org 
© 2016 Geological Society of America

mailto:sweeneyk%40up.edu?subject=
mailto:editing%40geosociety.org?subject=
http://www.geosociety.org


Sweeney and Roering

2 Geological Society of America Bulletin, v. 1XX, no. XX/XX

sion through abrasion rather than plucking? Fur-
thermore, are large events required for rapid ero-
sion, or can smaller discharges be responsible 
for channel incision, given sufficient tools (e.g., 
Wolman and Miller, 1960)? Finally, we assess 
whether large events are necessary to initiate in-
cision where no channel form exists.

To predict incision rates along White Branch 
Creek, we used a one-dimensional (1-D) mech-
anistic model of bedrock abrasion by total 
sediment load (Lamb et  al., 2008b). Sediment 
supply has a strong influence on the fluvial in-
cision of bedrock, enhancing incision by acting 
as a tool for abrasion and impeding incision 
by protecting the bed from grain impacts (Gil-
bert, 1877). Despite a recent proliferation of 
theoretical models translating this concept into 
mathematical formulations (Sklar and  Dietrich, 
2004; Turowski et al., 2007; Lamb et al., 2008b; 
 Chatanantavet and Parker, 2009), field appli-
cation has been mostly limited to inferring the 
rela tive dominance of tools and cover for spe-
cific fluvial systems (Turowski and Ricken-
mann, 2009; Cook et al., 2013; Ely et al., 2012). 
Prediction of fluvial incision rates or model test-
ing at the reach scale has been rare (excepting 
Hobley et al., 2011; Beer and Turowski, 2015) 
owing to the difficulty in measuring high-reso-

lution incision rates and key model parameters 
(e.g., sediment supply) in natural landscapes.

The undissected surface of Collier lava flow 
enables us to confidently calculate pre-incision 
topography and hence incision rate along the 
White Branch Creek (e.g., Ferrier et al., 2013), 
making this site uniquely suited to using mecha-
nistic models of bedrock abrasion to model 
channel-forming discharges. Furthermore, the 
mixed bedrock-alluvial nature of the channel 
(Fig. 1) enables us to place constraints on long-
term sediment supply, which is often impossible 
for bedrock channels. Our model results demon-
strate that outburst floods are not necessary for 
channel incision, and they point to the impor-
tance of sediment availability for initiating and 
sustaining fluvial dissection.

Volcanic and Glacial Setting

The Cascade Range, which extends from 
northern California to southern British Columbia, 
is a volcanic arc associated with the subduction of 
the Juan de Fuca plate under the North American 
plate. In Oregon, the Cascades are divided into 
two physiographic provinces: the largely inactive, 
steep, and highly dissected Western Cascades, 
and the High Cascades, where numerous cinder 

cones, stratovolcanoes, and other vents have been 
active throughout the Quaternary (Jeffer son et al., 
2010). The high surface permeability of High 
Cascades deposits means that most precipitation 
in the High Cascades flows in the subsurface, 
feeding a sparse network of spring-dominated 
channels (Jefferson et al., 2010).

Most Cascade stratovolcanoes have been 
dissected by alpine glaciers. Moraine mapping 
points to multiple post–Last Glacial Maximum 
glacial highstands in the Oregon Cascades 
(Marcott et  al., 2009), with the most recent 
occurring during the Little Ice Age, between 
A.D. 1750 and 1850 (Scott, 1977; O’Connor, 
2001). Cascade glaciers have retreated substan-
tially since the  Little Ice Age, leading to several 
documented moraine-dam breaches in the past 
century (Hopson, 1960; O’Connor et al., 2001). 
Despite the overarching relationship between 
post-Little Ice Age retreat and moraine-dam 
breaches, these events can also be triggered by 
smaller-scale processes, such as wave overtop-
ping (Clague and Evans, 2000), and interannual 
to decadal variability in glacier position (Ander-
son et al., 2014).

The Collier lava flow erupted from the Collier 
cone, a cinder cone on the western flank of North 
Sister in the High Cascades of Oregon, ~1600 yr 
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Figure 1. Geologic setting of Collier lava flow. (A) Outline of the state of Oregon showing study location. Star indicates location of B. 
(B) Light detection and ranging (LiDAR) hillshade model of study area on the west flank of the Central Oregon Cascades, showing Collier 
lava flow (red outline), Collier glacier (white polygon with blue outline), and White Branch Creek (solid blue line). Dotted blue line shows 
Little Ice Age (LIA) ice extent of Collier glacier, and yellow outlines alluvial deposits on Collier lava flow. Long profile in Figure 2 runs from 
A to A′, stars show location of photos in Figure 3, and white boxes show location of photos in Figure 4. Channel flow is from east-northeast 
to west-southwest.
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ago (Fig. 1; Sherrod et al., 2004). The morphol-
ogy of the lava flow reflects the thermal and top-
ographic conditions of emplacement (Deardorff 
and Cashman, 2012). The top meter of the flow, 
which cooled quickly, is highly brecciated with 
individual blocks up to ~1 m in diameter, while 
the slow-cooled core is massive and coherent, 
with occasional fractures (>100 m). Lava flow 
width is broadly correlated with slope; i.e., steep 
sections are narrow and flat sections are wide 
(Deardorff and Cashman, 2012).

Collier glacier is located upstream of Collier 
lava flow between the North and Middle  Sister 
stratovolcanoes (Fig. 1B). At its maximum 
 Little Ice Age extent, Collier glacier abutted and 
eroded into the north side of Collier cone, build-
ing tall lateral moraines that extend south (Fig. 
1B). During twentieth century glacial retreat, a 
lake formed, bounded by the moraines and Col-
lier cone. Between 1933 and 1960, the meltwater 
from this lake fed White Branch Creek, described 
by Hopson (1960, p. 4) as a “raging torrent” dur-
ing peak summer daytime melt. Hopson also 
observed high loads of fine sediment (“glacial 
flour”) in White Branch Creek as far downstream 
as its confluence with the  McKenzie River, a 
 major regional drainage (~12 km downstream of 
the toe of Collier lava flow).

The terminal lake of Collier glacier drained 
catastrophically in 1942 (Hopson, 1960), pro-
ducing a large sediment-laden flood with peak 
discharge as high as 500 m3/s (O’Connor et al., 
2001) that deposited sediment up to ~8  km 
downstream of the moraine-dam breach (Fig. 1). 
The breach is still visible as an ~5-m-deep in-
cised notch between Collier cone and the lateral 
moraine (Fig. 1). The lake drained partially again 
sometime between 1954 and 1956, creating a 
new incisional notch to the north of the 1942 
outburst, but this event did not have major down-
stream impacts (Hopson, 1960; O’Connor et al., 
2001). There is no direct evidence that the chan-
nel we consider in this contribution was cut by 
these catastrophic events; deposits from the 1942 
outburst terminate upstream of Collier lava flow 
(O’Connor et al., 2001). The lake level contin-
ued to decrease after these outbursts; after 1960, 
meltwater from the glacier discharged into the 
subsurface rather than into White Branch Creek.

METHODS

Measuring Channel Morphology 
and Incision

We used elevations from high-resolution air-
borne LiDAR (Deardorff and Cashman, 2012; 
NCALM, 2008) to map the morphology of 
White Branch Creek where it traverses Collier 
lava flow (Figs. 1 and 2). Because the channel 

lacks clear bankfull indicators (e.g., stripped veg-
etation; Fig. 3), we mapped the banks and thal-
weg of the gorge manually from LiDAR cross 
sections that were spaced every 5 m and oriented 
perpendicular to the channel. We  labeled the 
lowest point in each cross section as the thal-
weg and marked prominent points of inflection 
on either side of the thalweg as banks (Fig. 2). 
To calculate incision in the gorges (Fig. 1), we 
mapped the location of the uneroded Collier lava 
flow surface along the length of White Branch 
Creek and used these elevations to interpolate a 
pre-incision surface (cf. Seidl et al., 1994; Fer-
rier et al., 2013). Local incision along the chan-
nel (Fig. 2) was then defined as the elevation of 
the pre-incision surface minus the elevation of 
the modern thalweg. We defined channel width 
for each cross section as the horizontal distance 
between the banks, delineated manually from 
 LiDAR topography.

Alluvial Stratigraphy and 
Radiocarbon Sampling

To constrain the timing of channel-forming 
discharge events and discriminate between flu-
vial and debris-flow processes, we dug six soil 
pits in the alluvial deposits on Collier lava flow, 

three on the upper deposit and three on the lower 
deposit (Fig. 4), supplementing existing work by 
Deligne et al. (2013). We excavated each pit until 
we reached the lava flow surface or until the depth 
of the pit precluded continuing safely. We docu-
mented and measured the deposits (Fig. 5; Table 
DR11) and, where possible, collected charcoal for 
radiocarbon dating. Radiocarbon samples were 
processed and analyzed at the University of Ari-
zona Accelerator Mass Spectrometer (AMS) lab-
oratory following standard techniques. We used 
these data and stratigraphic relationships where 
available to estimate the age of the deposits using 
OxCal v.4.1.7 (Fig. 5; Bronk Ramsey, 2009).

FIELD EVIDENCE FOR INCISION 
MECHANISMS AND TIMING

White Branch Creek alternates between bed-
rock reaches and alluvial reaches as it traverses 
Collier lava flow (Figs. 1–3; Deligne et  al., 
2013). The boundaries between these reaches 
correspond with major breaks in the background 
slope and width of Collier lava flow (Fig. 1): 

A

B
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D

Figure 2. Channel morphology and topography: (A) long profile, (B) slope, 
(C)  incision, and (D) valley width measured by differencing thalweg and in-
terpolated pre-incision surface (see text for details). Raw elevation and valley 
width data (gray points in A and D) are smoothed (black circles and black line) 
to 100 m spacing (~10 channel widths) by fitting lines to the raw data upstream 
of each interpolated point. Large white circles in A correspond to channel cross 
sections in Figure 8. Gray boxes indicate extent of bedrock gorges. Note cor-
respondence of maxima in slope and incision.

1GSA Data Repository item 2016322, Figures 
DR1–DR4 and Tables DR1–DR2, is available at 
http:// www .geosociety .org /pubs /ft2016 .htm or by re-
quest to editing@ geosociety .org.
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Bedrock gorges occur where the flow is steep 
and narrow, while alluvial deposits are located 
in relatively flat areas. The bedrock gorges are 
significantly steeper (average gradient of 0.11) 
compared to the alluvial reaches (average gra-
dient of 0.04; Fig. 4), mimicking the pattern of 
the background topography (Fig. 2). There is no 
evidence of significant sediment or water con-
tributions from tributary channels (Fig. 1). The 
valley width of White Branch Creek does not 
vary systematically with distance downstream 
(a proxy for drainage area; see Eq. 3) in the allu-

vial or bedrock reaches (Fig. 2), despite past 
predictions and field observations that channel 
width tends to scale positively with drainage 
area (Leopold and Maddock, 1953; Montgom-
ery and Gran, 2001).

Bedrock Gorges: Morphology, Pre-Incision 
Topography, and Sediment Provenance

Though rough and heterogeneous near the 
top where incision has resulted in bank failure, 
the lower part of the channel walls and bed of 

the bedrock reaches contain flutes and potholes 
(Fig. 3A), consistent with abrasion by sedi-
ment impacts (Whipple et al., 2000a; Sklar and 
 Dietrich, 2004). At the 100 m scale (~10 chan-
nel widths), slope is strongly correlated with 
gorge depth (Fig. 6A), indicating that shear 
stress is the primary control on channel incision 
rather than longitudinal variations in rock hard-
ness (contrast with Sklar and Dietrich, 2001). 
Channel slope is also correlated with the slope 
of the pre-incision lava flow surface (Fig. 6B). 
While the observed channel slopes are well 
in excess of typical fluvial values (up to 0.2; 
Montgomery, 2001), we saw no indication of 
debris-flow activity in surface morphology (i.e., 
levees, scarps) or stratigraphy (reverse-graded, 
poorly sorted, matrix-supported deposits; see 
next section).

Though the channel bed is generally bare, 
allu vial patches occur locally within the bedrock 
gorges. This alluvium contains clasts of Collier 
lava flow as well as abraded clasts of obsidian 
(Fig. 3B). The presence of obsidian strongly sug-
gests that despite the absence of paleo hydraulic 
indicators like those found upstream of the 
lava flow (e.g., gravel bars, overbank deposits; 
O’Connor et al., 2001), the discharge events re-
sponsible for carving the channel traversed the 
channel adjacent to the Obsidian Cliffs (Fig. 1), 
possibly en route from Collier glacier.

Alluvial Morphology and Sedimentology: 
Implications for Sediment Transport 
Rates and Mechanisms

Of the three alluvial deposits, we focused 
on the two downstream of the bedrock gorges, 
because they enable us to draw conclusions 
about the flux and caliber of sediment moving 
through the incisional reaches. The thick forest 
vegetation on these alluvial deposits is in stark 
contrast to the unaltered surface of Collier lava 
flow, which remains largely unvegetated (Dear-
dorff and Cashman, 2012; Deligne et al., 2013). 
In these alluvial reaches, the channel of White 
Branch Creek is formed in the sediment of the 
deposits (e.g., Parker, 1978); i.e., there is no 
bedrock exposed in the bed. In addition to the 
main channel, there are several inactive chan-
nels on the alluvial deposits filled with organic 
debris, suggesting that the channel location in 
these reaches has not been fixed through time. 
When the active channel and exposed lava flow 
are excluded, the alluvial surfaces have a consis-
tent slope of ~0.04 (Fig. 4C).

Mackin (1948) posited that over time, chan-
nel slope adjusts to provide sufficient power 
to both transport the sediment supplied to the 
channel and incise the channel bed at a rate 
matching the uplift rate. In incising bedrock 
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Figure 3. Field expression of channel morphology: (A–C) photos and (D–F) line drawing in-
terpretations of channel morphology. Thick black lines in D–F denote channel bound aries, 
thin gray and black lines show topographic texture, and gray polygons are clasts of bed 
 material. (A) Abraded knickpoint lip in lower bedrock gorge. (B) Alluvial reach. (C) Snow-
melt discharge observed in 2008. White arrows in A and B indicate flow direction. Flow in 
C is directed out of the page.
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channels, this implies that the ability of the 
channel to transport sediment (known as sedi-
ment transport capacity) is in excess of long-
term sediment supply (e.g., Sklar and Dietrich, 
2006; Johnson et  al., 2009), while in alluvial 
systems, such as the alluvial reaches of White 
Branch Creek, transport capacity is equal to or 
less than supply. Long-term transport condi-
tions have also been demonstrated to control 
the surface slope (i.e., the average slope of the 
fan surface) of alluvial fans (Stock et al., 2008, 
and references therein). Given that the alluvial 
reaches of White Branch Creek are not incis-
ing, we can use the surface slope and channel 
geometry to calculate sediment transport capac-
ity (see details under Model Formulation and 
Procedure), thereby setting a lower bound on 
the long-term rate of sediment supply in the 
bedrock gorges.

Sediment in the six alluvial soil pits (loca-
tions shown in Fig. 4) ranged from silt to large 
cobbles (Table DR1 [see footnote 1]). Each 
pit contained decimeter-scale normally graded 
packets (Fig. 5) with abrupt basal boundaries; 
buried organic material was present in the pits, 
but pedogenic alteration was minimal (Table 
DR1 [see footnote 1]; cf. Deligne et al., 2013). 

Beds with coarse sediment (>4 mm) tended to 
be clast-supported; in some layers, clasts were 
imbricated (Table DR1 [see footnote 1]). The 
absence of reverse grading and matrix-sup-
ported deposits leads us to conclude that these 

sediments were not deposited by debris flows 
(Smith, 1986). Instead, we found evidence for 
emplacement by both hyperconcentrated flood 
flows (clast-supported deposits without pre-
ferred axis orientation, horizontal laminations 
in sand, normal grading) and normal traction 
flows (imbricated gravels, ripple cross-bedding; 
Smith, 1986), consistent with the findings of 
past work on Collier lava flow ( Deligne et al., 
2013). Because these depositional processes 
could conceivably occur with annual snowmelt, 
historical glacial meltwater, or outburst floods, 
our stratigraphic observations do not allow us to 
discriminate among these runoff mechanisms. 
Radiocarbon analyses of charcoal from two pits 
on the upper deposit (UF1 and UF2) and one on 
the lower deposit (LF2) yielded 95% confidence 
intervals of 580–397 cal yr B.P., 1345–1141 cal 
yr B.P., and 537–412 cal yr B.P., respectively 
(Fig. 7). These dates are consistent with (1) inci-
sion and associated deposition beginning shortly 
after lava flow emplacement 1600 yr ago, and 
(2) multiple events rather than a single cata-
strophic channel-forming flood (e.g., Lamb and 
Fonstad, 2010).

Hydrologic Regime

Field observations indicate two sources of 
discharge in White Branch Creek: snowmelt 
runoff and glacial outburst floods from moraine-
dam breaches at Collier glacier. During June 
2008, we observed shallow discharge in both 
the bedrock gorges and alluvial reaches, which, 
given that the snowpack of 2007–2008 was 
not exceptional (SNOTEL, 2016), we infer oc-
curs on an approximately annual basis. Though 
snowmelt discharge here appears minor, past 
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Figure 4. Slope of alluvium. Light detection and ranging (LiDAR)–derived slope maps over 
LiDAR hillshade models for (A) lower alluvium and (B) upper alluvium. Slope is calculated 
over 15 m window; extent of slope map shows data used for probability density function in 
C. (C) Probability density function (PDF) of slope maps shown in A (black) and B (gray). 
Both alluvial surfaces have a mean gradient of ≈0.04. Pit locations are shown by black cir-
cles; labels correspond to pit names in Table DR2 (see text footnote 1). Black stars show 
location of soil pits ND1108-CC and ND1106-CC from Deligne et al. (2013)
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Figure 5. Pit stratigraphy as represented by field photos and schematic strati-
graphic columns of (A) pit LF1 and (B) pit UF1, showing alternate layering of 
silty (horizontal lines) and sandy (dots) deposits with coarse gravels (dots with 
open circles). Pattern with dots and horizontal lines indicates mix of sand and 
silt. See Table DR1 (see text footnote 1) for details of stratigraphy.
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work in glacial landscapes shows that melt-
water events can transport a significant amount 
of sediment (Sanders et al., 2012), and, as noted 
already, White Branch Creek was a significant 
pathway for glacial meltwater between 1933 
and 1960.

As noted earlier, there is also historical docu-
mentation of moraine-dam breaches at Collier 
glacier (Hopson, 1960). Though it is does not 
appear that these recorded events reached the 
uppermost alluvial deposit (O’Connor et  al., 
2001), the presence of obsidian clasts and other 
externally sourced sediment on the lava flow 
leads us to conclude that similar events may 
have traveled farther downstream (i.e., onto the 
lava flow) in the past. As noted already, these 
glacially derived floods can occur even in the 
absence of a regional climatic event (e.g., the 
Little Ice Age) due to local variations in glacier 
position and impoundment stability (Anderson 
et al., 2014).

MODELING PHILOSOPHY: ASSESSING 
THE DRIVING FORCES OF INCISION

Despite our ability to describe much of this 
system through field observation, LiDAR topog-
raphy, and alluvial stratigraphy, it is not clear 
from the evidence described in the previous 
section how the two discharge regimes combine 
to provide geomorphic power to the channel. 
Could the channel have been carved solely by 
glacial outburst floods, or does annual snow-
melt discharge play a role? To answer these 
questions, we set out to model the incision of 
Collier lava flow numerically, using the channel 
morphology measured from LiDAR-derived to-
pography as model input and constraining other 
model parameters with our field observations 
and inundation models.

In selecting an appropriate model, we began 
by considering the simplest formulation that 
could explain the discharge events driving the 
formation of White Branch Creek. The close 
correlation between channel slope and local in-
cision (Fig. 8) suggests that the stream power 
law of bedrock erosion (Howard, 1994) may 
provide an adequate description of this system, 
where erosion rate E is a function of channel 
slope S, drainage area A (a proxy for discharge), 
and positive constants K, m, and n:

 E = KAmS n. (1)

We fit the stream power model to the inci-
sional reaches of White Branch Creek by rewrit-
ing Equation 1 as:

 log E = log K + m log A + n log S. (2)

and using multiple linear regression to find the 
best-fit values of K, m, and n (Seidl et al., 1994). 
The high surface roughness of Collier and Sims 
Butte lava flows (Fig. 1B) confounds the flow-
routing algorithms typically used to calculate 
drainage area, so we instead use Hack’s law 
(Hack, 1957) with an h exponent of 0.57 to con-
vert distance downstream, x, to drainage area:

 A = x1/h. (3)

We fit Equation 2 to (1) all incisional reaches, 
(2) only the upper gorge, and (3) only the lower 
gorge (Table 1). For all three cases, there is a sig-
nificant positive correlation between slope and 
incision (Table 1), as expected. Surprisingly, the 
fit values of m were significantly negative, sug-
gesting that incision decreases with downstream 
distance.

The stream power model is useful for tectonic 
geomorphology, where steady-state channel 
morphology can be taken as a proxy for uplift 

rate (Wobus et  al., 2006; Kirby and Whipple, 
2012), or in comparisons of channels incising 
into different material (Sklar and Dietrich, 2001) 
or under different climate conditions (Ferrier 
et al., 2013). For the case of White Branch Creek, 
the negative correlation between drainage area 
and incision has interesting hydrologic implica-
tions (see Discussion). However, these param-
eter values do not yield mechanistic insight into 
the erosive capacity of the individual discharge 
events that likely occurred in this channel.

Given this limitation, and the fact that our 
moti va tion for this study was investigation of 
sediment-driven mechanisms of erosion, we 
instead used a formulation that describes the 
physi cal process of fluvial erosion of bedrock 
via sediment abrasion (Lamb et al., 2008b). Bed-
rock incision occurs via two primary processes: 
plucking, whereby jointed blocks are removed 
from the bed by flowing water (Whipple et al., 
2000a; Chatanantavet and Parker, 2009; Lamb 
and Dietrich, 2009), and abrasion, whereby 
sediment grains impacting the bed gradually 
erode it via mechanical wear (e.g., Sklar and 
Dietrich, 2004). Plucking tends to dominate in 
highly fractured bedrock and produces large 
blocks, while abrasion dominates in massive, 
intact bedrock and forms potholes, flutes, and 
other sculpted features (Whipple et al., 2000a).

Despite past observations of plucking in ba-
saltic bedrock, our field observations suggest 
that abrasion is the dominant process of incision 
at White Branch Creek. The channel has pot-
holes, smooth walls, and flutes (Fig. 3A; Wohl 
and Merritt, 2001), and we observed  limited 

A

B

Figure 6. Correlation between slope and in-
cision. White circles show data from lower 
gorge; black circles are upper gorge mea-
surements. (A) Channel slope (smoothed to 
100 m spacing) is positively correlated with 
total amount of incision in bedrock gorges. 
(B) Channel slope is also correlated with the 
slope of the pre-incision surface.

Figure 7. Radiocarbon dating of alluvial de-
posits showing age probability density func-
tions for three radiocarbon samples: UF1D, 
UF2B, and LF2D.
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large blocks or cavities that might indicate a 
plucking-dominated channel (e.g., Whipple 
et  al., 2000b; Lamb and Fonstad, 2010). The 
channel bed is primarily established in the co-
herent inner core of the lava flow, rather than 
the rubbly surface layer, which was presumably 
rapidly removed early in the incision process 
(e.g., Whipple et al., 2000b).

MODEL FORMULATION 
AND PROCEDURE

Assumptions and Parameter Constraints

All sediment-dependent models of bedrock 
incision (Sklar and Dietrich, 2004; Turowski 
et  al., 2007; Lamb et  al., 2008b; Chatananta-
vet and Parker, 2009) require bed shear stress, 
grain size, and sediment supply as inputs. Our 
field observations allowed us to put bounds on 
the range of these quantities, but we lacked suf-
ficient information to constrain the most likely 

parameter combinations or to define the shape 
of the input parameter distributions. In acknowl-
edgment of this uncertainty, we used a Monte 
Carlo algorithm in which we selected a different 
set of these three parameters (channel discharge 
[and shear stress], grain size, and sediment sup-
ply) for each model run from a uniform distri-
bution of possible values, the bounds of which 
were set as described next.

Channel Hydraulics
Converting discharge to bed shear stress re-

quires quantifying flow hydraulics. The hydrau-
lics of steep mountain channels are sufficiently 
complex that there is no accepted formulation 
for bed shear stress in these environments (cf. 
Wohl, 2000). Instead, we followed previous 
 authors (e.g., Sklar and Dietrich, 2004) in using 
the depth-slope product to calculate bed shear 
stress for White Branch Creek:

 τb = ρwgHS, (4)

where rw is the density of water, g is the accel-
eration of gravity, and H is the hydraulic radius. 
Because White Branch Creek in ungauged, and 
neither of the historic outburst floods from Col-
lier Glacier was observed in our study reach, 
we calculated the hydraulic radius using the 
Hydraulic Engineering Center’s River Analysis 
System (HEC-RAS). This software uses the en-
ergy equation to calculate inundation at discrete 
channel cross sections for a given discharge. Our 
input topographic data for these calculations 
were 50-m-long channel cross sections derived 
from LiDAR topography, spaced every 5 m and 
oriented perpendicular to the channel thalweg. 
Due to the high channel slopes of White Branch 
Creek (see discussion in Field Evidence sec-
tion), the energy equation predicts supercritical 
flow conditions for the length of the channel 
(Fig. DR1 [see footnote 1]). Prolonged super-
critical flow is unreasonable in hydraulically 
rough channels like White Branch Creek, which 
have high rates of energy dissipation (Mont-
gomery and Buffington, 1997). Hence, we re-
stricted the flow conditions in HEC-RAS to 
subcritical or critical flow (Grant 1997;  Comiti 
et al., 2009).

The energy equation procedure described 
here relies on a description of hydraulic rough-
ness, or the tendency of energy to dissipate. To 
describe roughness, HEC-RAS uses the empiri-
cal relationship in Manning’s equation, where 
average channel velocity U depends on slope S, 
hydraulic radius Rh, and Manning’s n, a proxy 
for roughness:

 U = Rh
2/3S1/2

n
. (5)

The value of Manning’s n for natural channels 
depends on many factors, including grain size 
relative to channel width, the degree of channel 
obstruction, and the presence and type of vege-
ta tion (Phillips and Tadayon, 2006). Limerinos 
(1970) presented an approach for calculating 
Manning’s n based on hydraulic radius and the 
D84 (84th percentile of the grain size distribu-
tion) of the bed material:

 n = 0.8204Rh
1/6

1.16 + 2.0 log10
Rh

D84





 

. (6)

As shown in the LiDAR cross sections and 
HEC-RAS inundation models (Figs. 2 and 8), 
the hydraulic radius of the channel varies be-
tween 1 and 6 m, depending on location and dis-
charge magnitude. Based on field observations, 
the D84 of the bed material is between 0.01 m 
and 0.5 m (including in-channel boulders). We 
used Equation 6 to calculate Manning’s n for 
the roughest (minimum R, maximum D84) and 

A

B

C

D

Figure 8. Variation in channel hydraulics with discharge showing representa-
tive channel cross sections for (A) upper gorge, (B) upper alluvium, (C) lower 
gorge, and (D) lower alluvium, with modeled subcritical water surfaces for 
10 m3/s (light gray), 50 m3/s (dark gray), and 100 m3/s (black). Cross-section  
topog raphy was extracted from light detection and ranging (LiDAR) data; 
 water surface was generated by HEC-RAS.

TABLE 1. STREAM-POWER PARAMETERS FIT TO CHANNEL DATA FROM INCISIONAL REACHES

Topographic 
data K SE K m SE m n SE n R 2

All incisional 203.6573 3.76111 –0.20294 0.098145 0.6555 0.145 0.556
Lower gorge 3017866 147.6386 –0.85378 0.32879 0.75109 0.1692 0.5496
Upper gorge 5611772 67.03475 –0.92112 0.3162 1.1549 0.2546 0.7664

Note: K—best-fit stream power constant, m—drainage area exponent, n—slope exponent. R 2—variance 
explained by regression. SE columns show standard error for all fit parameters.
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smoothest (maximum R, minimum D84) cases, 
yielding Manning’s n values between 0.02 and 
0.06. This range of Manning’s n values has a 
surprisingly modest effect on channel depth and 
width (Fig. DR2 [see footnote 1]); model results 
are presented for Manning’s n = 0.04 (see Fig. 
DR3 [see footnote 1] for effect of Manning’s n 
on model output).

Representative event discharges. A primary 
goal of this work was to model discharges 
ranging from annual snowmelt flows to large 
outburst floods. To estimate the discharge asso-
ciated with annual snowmelt, we return to the 
field observation of 0.5 m flow depth in a 2.0-m-
wide channel reach during the snowmelt of 
2008 (Fig. 3C). If the full range of grain sizes 
observed in the channel is transported during 
annual snowmelt events, then at a minimum, 
the flow must be capable of moving the median 
grain size (D50) of bed material (0.03 m). Sedi-
ment motion begins when the Shields number t* 
exceeds some critical value, which we took here 
to be 0.045 (Sklar and Dietrich, 2004). To cal-
culate bed shear stress, we used the relationship

 τb = τ*c (ρs − ρw)gD50, (7)

where rs is the density of sediment, rw is the 
density of water, and  g is the acceleration of 
gravity. Following the approach of Lamb and 
Fonstad (2010), we used a modified Manning-
Strickler relationship (Parker, 1991) to calculate 
the discharge:

 Q =UA = 8.1A τb
ρw

1/2
h
ks














, (8)

where U is the average flow velocity, A is the 
cross-sectional area of the channel, h is channel 
depth, and ks is the roughness length scale. This 
approach is similar to Manning’s law (Eq. 5), 
with the difference that roughness is quantified 
as a length scale rather than as a bulk parameter. 
We varied ks between 0.08 m (2 × D90; Parker, 
1991) and 0.5  m (the approximate radius of 
boulders in the channel) to capture the consid-
erable longitudinal variability in channel rough-
ness. For the flow depth and cross-sectional area 
observed in the field, we calculated a represen-
tative snowmelt discharge between 1.1 and 1.6 
m3/s. As an alternate approach, we used Equa-
tion 5 to calculate channel velocity U for a Man-
ning’s n between 0.02 and 0.06 where channel 
geometry (S and Rh) are measured from LiDAR 
(Fig. 2) is 0.15. This approach yields snowmelt 
discharges ranging from 3.1 to 9.3 m3/s.

Hydraulic reconstructions of historical out-
burst floods from Collier glacier show peak 
discharges of 40 m3/s at the downstream extent 
of the flood. To allow for the possibility that 

prehistoric floods exceeded the magnitude of 
historical floods, we also calculated maximum 
outburst flood discharge using the “brimful” 
assumption (Baker and Milton, 1974), which 
is based on the idea that the flood discharge 
filled the deepest part of the canyon. Under 
steady, uniform, subcritical flow conditions, our 
HEC-RAS runs show that the deepest channel 
cross section in the gorge (Fig. 8A) was filled 
by 400 m3/s. This value is similar to the estimate 
of peak discharge at the breach site for the 1942 
outburst event (500 m3/s; O’Connor et al., 2001).

Grain size. Sediment in the modern bedrock 
channel and on the alluvial plains ranges in size 
from silt to coarse cobbles. Due to this breadth 
of grain sizes, we erred on the side of inclusion 
for our model inputs, selecting median grain 
size diameters between 6.3 × 105 and 1.5 m.

Sediment supply. As discussed already, in 
nonincising fluvial settings, landforms are cre-
ated by the balance between sediment transport 
capacity and sediment supply (Stock et al., 2008; 
Johnson et al., 2009). With this in mind, we used 
the surface slope of the alluvial deposits and the 
average geometry of the modern alluvial chan-
nel to calculate bed-load transport capacity qbc 

in the alluvial reaches. For consistency with the 
literature (Sklar and Dietrich, 2004; Lamb et al., 
2008b; Scheingross et  al., 2014), we used the 
Fernandez Luque and Van Beek (1976) relation 
for bed-load transport capacity, which states 
that sediment transport capacity is a power-law 
function of bed shear stress:

 qbc = 5.7(RgD3)1/2 (τ* − τ*c )3/2, (9)

where R is the specific density of sediment, and 
D is the average diameter of sediment grains. For 
each model run, we used the selected values of 
discharge and grain size, and the average width 
of the modern alluvial channel to calculate bed 
shear stress in the alluvial reaches (Eq. 4). The 
bed-load transport capacity calculated by Equa-
tion 9 was then used as the lower bound of the 
sediment supply parameter space. We set the up-
per bound at 20 m2/s (width-averaged), which is 
sufficiently large to cover the bed at the highest 
modeled discharge (Fig. 9G). In using modern 
channel geometry to calculate bed-load trans-
port capacity, we assumed that channel shape 
reflects long-term average flow conditions (e.g., 
Parker, 1978; see Discussion).
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H

G

Figure 9. Model behavior showing controlling factors in instantaneous erosion rate for 
10 m3/s (left panels) and 400 m3/s (right panels) with n = 0.04, plotted against grain size 
(D; equivalent to transport stage): (A, E) effective impact velocity (wi,eff), (B, F) frac-
tion of the bed exposed to erosion (F), (C, G) near-bed sediment concentration (cb), and 
(D, H) instantaneous erosion rate (E ). Black points show runs resulting in positive ero-
sion; gray circles show runs with no erosion.
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Mechanistic Modeling of Bedrock Abrasion

Mechanistic models of fluvial abrasion by 
sediment impacts state that erosion rate E is 
a product of the average volume of sediment 
removed per impact, V, the rate of impacts 
per unit bed area, I, and the fraction of the 
bed that is exposed to abrasion, F (Sklar and 
Dietrich, 2004; Turowski et  al., 2007; Lamb 
et al., 2008b):

 E = VIF. (10)

The first version of these models (Sklar and 
Dietrich, 2004) considered only impacts from 
sediment traveling as saltating bed load and 
used the hop length and kinetic energy of sedi-
ment grains to calculate I and V. As transport 
stage increases toward the threshold of suspen-
sion (t* ≈ 20), the hop lengths become infinitely 
long, making I (and, by extension, E) approach 
zero. Lamb et al. (2008b) recast this model in 
terms of total load, recognizing that due to tur-
bulent fluctuations, even sediment traveling in 
suspension comes in contact with the bed and 
may be important to fluvial abrasion. Their 
model described particle velocity (and hence 
impact energy) as a sum of the particle motion 
due to gravitational settling and turbulent advec-
tion, using a Gaussian approximation for turbu-
lent fluctuations and a modified Rouse equation 
to calculate the relationship between sediment 
concentration and bulk flow parameters (Lamb 
et al., 2008b).

For most bedrock systems, the contribution 
of suspended load to erosion is relatively small 
compared to bed load, but for rivers with large 
discharges and/or small grain size (i.e., large 
transport stage), the difference between bed-
load–only models and the total load model is 
not negligible (Scheingross et  al., 2014). Spe-
cifically, the bed-load–only model of Sklar and 
Dietrich (2004) would tend to predict zero ero-
sion in these systems, while the total load model 
(Lamb et al., 2008b) predicts nonzero erosion. 
Due to the high discharge of outburst floods 
(O’Connor et al., 2001) and the relatively small 
grain sizes we observed in the alluvial deposits, 
we used the total load formulation (Lamb et al., 
2008b) to model instantaneous incision rates in 
White Branch Creek.

Governing Equations

To calculate erosion rate E with the total 
load model, we used Equation 36 of Lamb 
et  al. (2008b), a derivation of Equation 10 
that uses a combination of empirical relation-
ships and physical arguments to calculate V, 
I, and F (Lamb et al., 2008b). This equation 

states that E is a function of material prop-
erties, sediment flux, the partition of sedi-
ment between suspension and bed load, and 
channel flow:

 E =
A1ρsY

kvσT
2

qwi,eff
3

(UHχ +Ub Hb )
1−

qb

qbc






, (11)

where A1 is the cross-sectional area of a sedi-
ment grain; kv is an empirical erodibility con-
stant, sT is the tensile strength of the rock; rs is 
the density of sediment; Y is Young’s modulus; 
q is the volumetric sediment supply per unit 
width; wi,eff is the effective impact velocity of 
sediment (derived from the normal component 
of settling velocity); U is the streamwise flow 
velocity; H is the flow depth; c is an integral 
relating suspended sediment flux to sediment 
concentration, flow depth, and velocity; Ub 
is the streamwise bed-load velocity; Hb is the 
thickness of the bed-load layer; qb is the volu-
metric bed-load flux per unit channel width; and 
qbc is the volumetric bed-load transport capac-
ity per unit channel width (Lamb et al., 2008b). 
The first group of terms on the right-hand side 
of Equation 11 consists of material parameters 
of the sediment and the substrate, the second 
group of terms describes sediment concentra-
tion and impact velocity, and the  final group of 
terms in parentheses is the percent of bedrock 
exposed to erosion. To convert the  alluvial bed-
load flux qba (calculated from the alluvial reach 
morphology) into total sediment supply q, we 
used an empirical description of bed-load layer 
height and velocity, the vertical structure of 

sediment concentration, and depth-average 
flow parameters (Eq. 20 of Lamb et al., 2008b) 
and solved for q:

 q = qba

UHχ +Uba Hba

Uba Hba





 

, (12)

where the a subscript indicates bed-load param-
eters for the alluvial reaches.

Modeling Procedure
We predicted instantaneous incision rates 

along White Branch Creek using the 1-D longi-
tudinal channel profile (sampled at a geomor-
phically relevant interval of ~10 channel widths 
[100 m]) and a constant channel width. Values 
for all other parameters are given in  Table 2. We 
used the following procedure to calculate inci-
sion rates for a range of discharges, performing 
500,000 iterations for each discharge value:

(1) Select value of grain size from uniform 
distribution.

(2) Calculate flow depth and width in the 
gorge using HEC-RAS.

(3) Calculate minimum sediment supply 
based on shear stress (Eqs. 4 and 9), grain size, 
slope of alluvium (Fig. 4C), and alluvial chan-
nel geometry; this sets the lower bound of the 
uniform distribution of sediment supply.

(4) Select value of sediment supply from uni-
form distribution; convert to total load sediment 
supply (Eq. 12).

(5) Calculate instantaneous incision rate at 
each point along the gorge (Eq. 11).

(6) Calculate median erosion rate for given 
parameter set.

TABLE 2. PARAMETERS USED IN MECHANISTIC INCISION MODELING

Variable Description
Model output E Incision rate (L/T)
Model inputs q Total load sediment supply per unit channel width (L3T–1L–1)

D Grain size (L)
Q Water discharge (L3T–1)
S Channel slope (L/L)
w Width (L)

Calculated values V Volume eroded per impact (L3T–1)
I Impact rate (T–1)
U Depth-averaged streamwise water velocity (LT–1)
Ub Depth-averaged streamwise bed-load velocity (LT–1)
H Water depth (L)
Hb Depth of near-bed sediment layer (L)
X Integral relating the flux of suspended sediment to sediment concentration, 

depth, and velocity (dimensionless)
qb Bed-load supply per unit width (L2T–1)
q

bc Bed-load transport capacity per unit width (L2T–1)
wi,eff Effective impact velocity (LT–1)
A1 Cross-sectional area of sediment grain (L2)
τ* Shields stress (dimensionless)
τc Critical Shields stress for incipient motion (dimensionless)
ρs Density of sediment (ML–3): 2650 kg·m–3

ρw Density of water (ML–3): 1000 kg·m–3

Y Young’s modulus (ML–1T–2): 5 × 1010 Pa
Kv Empirical bedrock erodibility coefficient (dimensionless): 106

σT Rock tensile strength (ML–1T–2): 7 × 106 Pa
R Specific density of sediment (dimensionless): 1.65
g Acceleration of gravity (LT–2): 9.8 m·s–2

Note: L—length, M—mass, T—time.
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EROSION BY SNOWMELT AND 
OUTBURST FLOODS

We calculated instantaneous erosion rates 
for discharges from 1 to 400 m3/s (Figs. 9 and 
10). For each discharge, we report the median 
spatially averaged nonzero incision rate for all 
model runs (Fig. 10). Given the lack of con-
straints on the time evolution of channel geom-
etry, we did not consider the spatial pattern of 
erosion. The instantaneous erosion rate (Figs. 
9D and 10) is a function of three main factors: 
effective sediment impact velocity (Fig. 9A), the 
fraction of the bed exposed (Fig. 9B), and near-
bed sediment concentration (Fig. 9C; Lamb 
et  al., 2008b). All three quantities depend on 
transport stage, and near-bed sediment concen-
tration and relative sediment supply also depend 
on sediment supply (Lamb et al., 2008b). For a 
given model discharge, flow depth and channel 
slope are constant, meaning that transport stage 
is a function of grain size (Fig. 9).

Figure 9 shows the effect of grain size on ef-
fective impact velocity (Fig. 9A), near-bed sedi-
ment concentration (Fig. 9B), relative sediment 
supply (Fig. 9C), and erosion rate (Fig. 9D) for 
two modeled discharges: 10 m3/s, the highest 
representative snowmelt discharge calculated, 
and 400 m3/s, a representative magnitude for an 
outburst flood (see earlier herein for details on 
representative discharges). Unsurprisingly, ero-
sion rates are lower for 10 m3/s than 400 m3/s 
because of lower average shear stress. There 

are also fewer combinations of parameters 
that result in nonzero erosion for 10 m3/s than 
for 400 m3/s (3681 out of 500,000 model runs 
compared to 118,761 of 500,000); the lower 
shear stress means that the flow is often below 
the critical shear stress for mobilization (trans-
port stage <1), the flow cannot transport the full 
load of sediment (fraction of bed exposed = 0), 
or the grains are larger than the depth of the 
flow (D > H ).

An examination of the modeled components 
of erosion rate (Figs. 9A–9C) for 400 m3/s re-
veals how grain size and sediment supply control 
erosion via abrasion. The spread in values for a 
given grain size is due to different values of sedi-
ment supply. Effective impact velocity generally 
increases with grain size because larger grains 
have higher settling velocities (Dietrich, 1982). 
For the 10 m3/s case, effective impact velocity 
begins to decrease around D = 0.8 m (D is grain 
size), when the distance that particles fall through 
the water column (Hfall of Lamb et al., 2008b) is 
not large enough for the particles to reach termi-
nal settling velocity. Near-bed sediment concen-
tration depends primarily on sediment supply, 
but it generally decreases with grain size; model 
runs with high grain size and high near-bed sedi-
ment concentrations result in no erosion because 
the bed is covered by sediment. The patterns of 
these three quantities combine to produce the 
pattern of erosion rate with grain size shown 
in Figure 9D. The minimum value in the upper 
bound of erosion rate at ~0.1 m grain size corre-

sponds to the increase in the fraction of exposed 
bedrock, as well as a flattening of the effective 
impact velocity curve (Fig. 9A).

Modeled instantaneous incision rates in the 
gorge reaches of White Branch Creek range 
from 0.7  ± 0.4 m/yr for annual snowmelt 
(1  m3/s) to 42  ± 47 m/yr (Fig. 10A). The un-
certainty in these values captures the variance 
due to different grain size and sediment supply 
parameter combinations; we propagated this 
uncertainty in the following calculations via 
Gaussian error propagation. By dividing total 
average incision in the gorges (~5  m) by the 
incision rate for each discharge, we calculated 
the implied time of active incision (Fig. 10B) 
using the nonzero erosion rates. For the lower 
end of our discharge range (annual snowmelt; 
1 m3/s), 6.5  ± 3.9 yr of continuous incision 
would be required to form the gorges of White 
Branch Creek; large events (400 m3/s) would 
need 0.12  ± 0.13 yr. Event durations for both 
outburst floods and snowmelt are likely on the 
order of hours to days. If we assume a 1 d du-
ration for both types of events, we would need 
2300 ± 1400 d of snowmelt or 44 ± 47 outburst 
floods to accomplish the incision we observed. 
Given the lava flow is 1600 yr old, this requires 
only 1.4 ± 1.1 days per year of snowmelt. Our 
model results indicate that incision could be ac-
complished via annual flows alone, given the 
right sediment supply and grain size, and that 
we do not need large outburst floods to cause 
fluvial incision. Furthermore, between 1933 and 
1960, when White Branch Creek drained the 
meltwater from Collier glacier, noncatastrophic 
discharge probably occurred throughout the 
summer months at higher discharges and with 
higher sediment loads than modern snowmelt 
(the “raging torrent” of  Hopson, 1960).

DISCUSSION

Channel Width Scaling, Stream Power, 
and Implications of the Drainage 
Area Exponent

In alluvial and bedrock channels worldwide, 
channel width has been shown to scale nega-
tively with slope (Finnegan et  al., 2005) and 
positively with drainage area (Leopold and 
Maddock, 1953; Montgomery and Gran, 2001). 
Our measurements of valley width in the bed-
rock reaches of the White Branch do not display 
this pattern; in fact, in the upper gorge, val-
ley width is roughly positively correlated with 
channel slope. One explanation might be the ef-
fect of incision on the side slopes: Although the 
channel is cut into the coherent core of the lava 
flow, much of the channel bank is composed 
of the rubbly surface layer. As the channel in-
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Figure 10. Modeled incision rates and inferred active incision time: 
(A) median incision rate vs. discharge and (B) inferred time of active 
incision. Dotted lines show 25th and 75th percentiles. Representa-
tive discharges shown in Figure 9 are marked by larger symbols; 
potential range of snowmelt and outburst flood discharge is indi-
cated by gray shading.



Rapid fluvial incision of a late Holocene lava flow

 Geological Society of America Bulletin, v. 1XX, no. XX/XX 11

cised, the upper part of the walls likely became 
unstable, resulting in channel widening. Valley 
width could also be set by preexisting planes of 
weakness in the lava flow, as observed in spring-
fed channels elsewhere in the Western Cascades 
(Jefferson et al., 2010), or by variations in the 
slope or width of the lava flow (Fig. 6).

Another possible explanation for the anoma-
lous width patterns lies in the channel hydrol-
ogy. Our fit of the stream power model yielded 
negative best-fit values of the drainage area ex-
ponent m (Table 1), which is typically a positive 
value around 0.5 (e.g., Ferrier et al., 2013). Our 
finding indicates that discharge does not increase 
with drainage area. We postulate that the histori-
cal point source of the White Branch Creek (gla-
cial meltwater or outburst floods) in combination 
with the high permeability of Collier lava flow 
result in discharge that is either constant through 
our study reach or possibly decreases down-
stream due to losses in the alluvial reaches.

Hydraulics, Sediment Transport, and 
Application of Incision Models to 
Steep Channels

We made several assumptions about the re-
lationships among channel morphology, flow, 
shear stress, and sediment flux. By using the 
depth-slope product (Eq. 4) to calculate bed 
shear stress, we likely overpredicted the true 
bed shear stress available for sediment transport 
(e.g., Yager et  al., 2007). Furthermore, other 
factors, such as grain-grain interactions that af-
fect sediment mobility, result in overprediction 
of bed-load flux in steep mountain streams us-
ing most sediment transport equations (e.g., 
Eq. 9; Yager et  al., 2007). This overprediction 
could result in a nonzero model erosion rate for 
param eter combinations where sediment supply 
actually exceeds the transport capacity. Hence, 
although our model predicts nonzero erosion 
for characteristic snowmelt runoff given certain 
sediment conditions, depending on the magni-
tude of our overprediction, some of these events 
may be below the critical shear stress for sedi-
ment motion or have insufficient transport ca-
pacity to convey the input sediment supply.

In using the morphology of the alluvial 
reaches to constrain minimum long-term sedi-
ment supply, we assumed that (1) these features 
reflect a long-term balance between supply and 
transport, and (2) that all discharge events con-
tribute to the deposition of sediment on the al-
luvial plain. Larger discharge events are more 
likely than annual snowmelt flows to produce 
the overbank events (Fig. 8) and channel avul-
sions, however, and may therefore be the pri-
mary control on the morphology of the alluvial 
sections. If these features are not equally cre-

ated by all discharges, it is also possible that the 
surface morphology is not at steady state, as as-
sumed in our model.

The known heterogeneity of sediment trans-
port and shear stress distributions in steep moun-
tain channels would seem to argue against apply-
ing a mechanistic model that explicitly includes 
sediment transport relationships that are poorly 
constrained or inappropriate for these systems. 
However, the assumptions we make here re-
garding the relationship between discharge and 
bed shear stress are also inherent in the widely 
used stream power model (Eq. 1); sediment ef-
fects on incision are simply subsumed in the fit 
parameters K,  m, and n. In using a sediment-
dependent model for the White Branch Creek, 
our work shows the variability in incision rate 
that can occur due to differences in grain size 
and sediment supply under constant-flow con-
ditions. For example, our results indicate that 
despite low discharge relative to glacial outburst 
floods, annual snowmelt flows are theoretically 
capable of rapidly carving a channel in a steep 
landscape. Similarly, the modeled incision rates 
for 40 m3/s, a representative outburst flood, 
span an order of magnitude over a reasonable 
range of grain size and sediment supply values, 
despite the same discharge conditions. We can 
also quantify the grain size and sediment sup-
ply responsible for our modeled incision rates 
(Fig. DR4 [see footnote 1]) and observe that 
maximum incision for a given discharge occurs 
for the largest grains transported for each dis-
charge (Fig. DR4 [see footnote 1]). For smaller 
discharges, the maximum erosion is generated 
by low sediment supply values, indicating that 
another advantage of using mechanistic models 
lies in the ability to easily accommodate and test 
alternative descriptions of model components, 
such as the bedrock cover term (Turowski et al., 
2007; Hobley et al., 2011).

Channel Initiation

Given that both modern snowmelt runoff and 
glacial meltwater are capable of cutting into bed-
rock, is it possible that outburst floods have no 
role at all in incision? The modeling described 
herein focused on the incision of the coherent 
core of the lava flow, implicitly assuming that a 
nascent channel form already existed. The work 
described in this paper does not shed light on 
how this proto-channel initiated, but we specu-
late that the high, fine sediment loads asso ciated 
with glacial meltwater flows may have plugged 
the permeable rubbly surface, enabling surface 
flow to converge and facilitate incision. Alterna-
tively, the channel may have initiated via pluck-
ing of the rubbly surface blocks (e.g., Lamb and 
Fonstad, 2010), converging to a single channel 

once the coherent core was exposed. Using 
Equation 7 and the approximate diameter of 
the rubbly surface blocks (1 m), we calculated 
that 728 Pa of shear stress would be necessary 
to initiate block motion. Given that the gradient 
of the pre-incision surface is up to 0.2, and using 
the depth slope product to solve for hydraulic 
radius, this would only require a flow with a hy-
draulic radius of 0.37 m (Eq. 2); our HEC-RAS 
results for 10 m3/s have a median hydraulic ra-
dius of 0.43 m. Hence, though outburst floods 
may have affected our study reaches, these ex-
treme events are not necessary to initiate chan-
nel incision or explain the magnitude of erosion 
we observed in the field.

Evolution of Temperate Volcanic 
Landscapes

Large floods are widely recognized as geo-
morphic drivers in jointed bedrock, where can-
yon carving can happen within hours via de-
tachment of large blocks from the channel bed. 
Here, we demonstrate that fluvial incision of a 
blocky lava flow may be initiated and sustained 
by moderate snowmelt and glacial meltwater 
flows. We speculate that it is not large discharge 
events that distinguish the geomorphic evolution 
of the Collier lava flow from lava flows of the 
same age, but the abundance of tools provided 
by the moraines of Collier glacier. The presence 
of sediment in this system is crucial for enabling 
flows to erode the bed; without tools, the Col-
lier lava flow would likely remain undissected 
and barren like many Quaternary lava flows in 
the High Cascades. Though our study site may 
be exceptional in its combination of alpine 
glaciation and volcanic activity, our findings 
have global implications, suggesting that large 
sediment sources such as moraines or landslide 
deposits may accelerate fluvial dissection by 
providing tools to otherwise sediment-starved 
systems (Wu et al., 2016).

CONCLUSIONS

We exploited the excellent topographic and 
temporal constraints of the Collier lava flow in 
the Oregon High Cascades to investigate the 
early stages of bedrock incision in young vol-
canic landscapes. LiDAR analysis and field ob-
servations of the morphology and stratigraphy 
of this mixed bedrock-alluvial system show 
that: (1) the channel has been carved by multi-
ple discharge events, and (2) the pre-incision 
lava flow topography is the primary control on 
channel morphology at the reach and subreach 
scale, dictating both the location of the bedrock-
alluvial transitions and channel slope within the 
two bedrock gorges. Based on field evidence 
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that the channel conveys both annual snowmelt 
discharge and large, infrequent outburst floods 
from Collier glacier, we used a numerical model 
of bedrock abrasion via total load (Lamb et al., 
2008b) to calculate instantaneous incision rates 
for a range of sediment supply and grain-size 
scenarios. Our model results show that due to 
high channel slopes and abundant sediment in 
this system, even moderate discharges can drive 
appreciable rates of bedrock abrasion. Further-
more, given a historically active glacial melt-
water system, catastrophic flows are not neces-
sary to initiate channel formation. The ability of 
moderate-discharge events to incise these land-
scapes is contingent on the presence of abundant 
sediment from glacial moraines, suggesting that 
sediment availability may be a limiting factor in 
the onset of fluvial incision in young volcanic 
landscapes worldwide.

ACKNOWLEDGMENTS

Light detection and ranging (LiDAR) topography 
data were acquired by the National Center for Air-
borne Laser Mapping as part of a seed grant to Nick 
Deardorff. We thank Natalia Deligne, Micah Perry, 
Brent Deyo, Logan Wetherell, and Ashley Streig for 
help in the field. Reviews from Jim O’Connor, Joel 
Scheingross, an anonymous reviewer, and the editor 
significantly improved this manuscript. Work sup-
ported by NSF grant EAR 1252177 and a Mazamas 
research grant.

REFERENCES CITED

Anderson, L.S., Roe, G.H., and Anderson, R.S., 2014, 
The effects of interannual climate variability on the 
 moraine record: Geology, v. 42, p. 55–58, doi: 10 .1130 
/G34791 .1 .

Baker, V.R., and Milton, D.J., 1974, Erosion by catastrophic 
floods on Earth and Mars: Icarus, v. 23, no. 1, p. 27–41, 
doi: 10 .1016 /0019 -1035 (74)90101 -8 .

Baynes, E.R.C., Attal, M., Niedermann, S., Kirstein, L.A., 
Dugmore, A.J., and Naylor, M., 2015, Erosion dur-
ing extreme flood events dominates Holocene canyon 
evolution in northeast Iceland: Proceedings of the 
National Academy of Sciences of the United States 
of America, v. 112, no. 8, p. 2355–2360, doi: 10 .1073 
/pnas .1415443112 .

Beer, A.R., and Turowski, J.M., 2015, Bedload transport 
controls bedrock erosion under sediment-starved con-
ditions: Earth Surface Dynamics, v. 3, p. 291–309, doi: 
10 .5194 /esurf -3 -291 -2015 .

Bronk Ramsey, C., 2009, Bayesian analysis of radiocarbon 
dates: Radiocarbon, v.  51, no.  1, p.  337–360, doi: 10 
.1017 /S0033822200033865 .

Chatanantavet, P., and Parker, G., 2009, Physically based 
modeling of bedrock incision by abrasion, plucking, 
and macroabrasion: Journal of Geophysical Research, 
v. 114, no. F4, F04018, doi: 10 .1029 /2008JF001044 .

Clague, J.J., and Evans, S.G., 2000, A review of catastrophic 
drainage of moraine-dammed lakes in British Colum-
bia: Quaternary Science Reviews, v. 19, p. 1763–1783, 
doi: 10 .1016 /S0277 -3791 (00)00090 -1 .

Comiti, F., Cadol, D., and Wohl, E., 2009, Flow regimes, 
bed morphology, and flow resistance in self-formed 
step-pool channels: Water Resources Research, v. 45, 
p. W04424, doi: 10 .1029 /2008WR007259 .

Cook, K.L., Turowski, J.M., and Hovius, N., 2013, A dem-
onstration of the importance of bedload transport for 
fluvial bedrock erosion and knickpoint propagation: 
Earth Surface Processes and Landforms, v. 38, no. 7, 
p. 683–695, doi: 10 .1002 /esp .3313 .

Costa, J.E., and Schuster, R.L., 1988, The formation and 
failure of natural dams: Geological Society of America 
Bulletin, v. 100, p. 1054–1068, doi: 10 .1130 /0016 -7606 
(1988)100 <1054: TFAFON>2 .3 .CO;2 .

Deardorff, N.D., and Cashman, K.V., 2012, Emplacement 
conditions of the c. 1,600-year BP Collier cone lava 
flow, Oregon: A LiDAR investigation: Bulletin of 
Volcanology, v. 74, no. 9, p. 2051–2066, doi: 10 .1007 
/s00445 -012 -0650 -9 .

Deligne, N.I., Cashman, K.V., and Roering, J.J., 2013, After 
the lava flow: The importance of external soil sources 
for plant colonization of recent lava flows in the cen-
tral Oregon Cascades, USA: Geomorphology, v. 202, 
p. 15–32, doi: 10 .1016 /j .geomorph .2012 .12 .009 .

Dietrich, W.E., 1982, Settling velocity of natural particles, 
Water Resource Research, v. 18, no. 6, p. 1615–1626, 
doi: 10 .1029 /WR018i006p01615 .

Ely, L.L., Brossy, C.C., House, P.K., Safran, E.B., O’Connor, 
J.E., Champion, D.E., Fenton, C.R., Bondre, N., Orem, 
C.A., Grant, G.E., Henry, C.D., and Turrin, B.D., 2012, 
Owyhee River intracanyon lava flows: Does the river 
give a dam?: Geological Society of America Bulletin, 
v. 124, p. 1667–1687, doi: 10 .1130 /B30574 .1 .

Fernandez Luque, R., and Van Beek, R., 1976, Erosion and 
transport of bed-load sediment: Journal of  Hydraulic 
Research, v.  14, no.  2, p.  127–144, doi: 10 .1080 
/00221687609499677 .

Ferrier, K.L., Huppert, K.L., and Perron, J.T., 2013, Cli-
matic control of bedrock river incision: Nature, v. 496, 
no. 7444, p. 206–209, doi: 10 .1038 /nature11982 .

Finnegan, N.J., Roe, G., Montgomery, D.R., and Hallet, B., 
2005, Controls on the channel width of rivers: Implica-
tions for modeling fluvial incision of bedrock: Geol-
ogy, v. 33, p. 229–232, doi: 10 .1130 /G21171 .1 .

Freeze, R.A., and Cherry, J.A., 1979, Groundwater: Engle-
wood Cliffs, New Jersey, Prentice Hall, 604 p.

Gilbert, G.K., 1877, Report on the Geology of the Henry 
Mountains: Washington, D.C., U.S. Geological Survey, 
160 p., doi: 10 .5962 /bhl .title .51652 .

Gran, K.B., and Montgomery, D.R., 2005, Spatial and tem-
poral patterns in fluvial recovery following volcanic 
eruptions: Channel response to basin-wide sediment 
loading at Mount Pinatubo, Philippines: Geological 
Society of America Bulletin, v. 117, no. 1–2, p. 195–
211, doi: 10 .1130 /B25528 .1 .

Grant, G.E., 1997, Critical flow constrains flow hydraulics 
in mobile-bed streams: A new hypothesis: Water Re-
sources Research, v. 33, no. 2, p. 349–358, doi: 10 .1029 
/96WR03134 .

Hack, J., 1957, Studies of longitudinal stream profiles in Vir-
ginia and Maryland: U.S. Geological Survey Profes-
sional Paper, 294-B, 59 p.

Hobley, D.E.J., Sinclair, H.D., Mudd, S.M., and Cowie, 
P.A., 2011, Field calibration of sediment flux depen-
dent river incision: Journal of Geophysical Research, 
v. 116, no. F4, p. F04017, doi: 10 .1029 /2010JF001935 .

Hopson, R.E., 1960, Collier glacier—A photographic rec-
ord: Mazama, v. 42, no. 13, p. 37–39.

Howard, A.D., 1994, A detachment-limited model of drain-
age basin evolution: Water Resources Research, v. 30, 
no. 7, p. 2261–2285, doi: 10 .1029 /94WR00757 .

Jefferson, A., Grant, G.E., Lewis, S.L., and Lancaster, S.T., 
2010, Coevolution of hydrology and topography on a 
basalt landscape in the Oregon Cascade Range, USA: 
Earth Surface Processes and Landforms, v. 35, p. 803–
816, doi: 10 .1002 /esp .1976 .

Jefferson, A., Ferrier, K., Perron, J.T., and Ramalho, R., 2014, 
Controls on the hydrological and topographic evolu-
tion of shield volcanoes and volcanic ocean islands, 
in Harpp, K.S., Mittelstaedt, E., D’Ozouville, N., and 
 Graham, D.W., eds., The Galápagos: A Natural Labora-
tory for the Earth Sciences: Washington, D.C., American 
Geophysical Union, doi: 10 .1002 /9781118852538 .ch10.

Johnson, J.P.L., Whipple, K.X., Sklar, L.S., and Hanks, T.C., 
2009, Transport slopes, sediment cover, and bedrock 
channel incision in the Henry Mountains, Utah: Jour-
nal of Geophysical Research, v. 114, no. F2, p. F02014, 
doi: 10 .1029 /2007JF000862 .

Kilburn, C.R., 2000, Lava flows and flow fields, in Sigurds-
son, H., Houghton, B.F., McNutt, S.R., Rymer, H., and 
Stix, J., eds., Encyclopedia of Volcanoes: San Diego, 
Academic Press, p. 291–305.

Kirby, E., and Whipple, K.X., 2012, Expression of active 
tectonics in erosional landscapes: Journal of Structural 
Geology, v.  44, p.  54–75, doi: 10 .1016 /j .jsg .2012 .07 
.009 .

Lamb, M.P., and Dietrich, W.E., 2009, The persistence of 
waterfalls in fractured rock: Geological Society of 
America Bulletin, v. 121, no. 7–8, p. 1123–1134, doi: 
10 .1130 /B26482 .1 .

Lamb, M.P., and Fonstad, M.A., 2010, Rapid formation of 
a modern bedrock canyon by a single flood event: Na-
ture Geoscience, v. 3, no. 7, p. 477–481, doi: 10 .1038 
/ngeo894 .

Lamb, M.P., Dietrich, W.E., Aciego, S.M., Depaolo, D.J., 
and Manga, M., 2008a, Formation of Box Canyon, 
Idaho, by megaflood: Implications for seepage erosion 
on Earth and Mars: Science, v. 320, no. 5879, p. 1067–
1070, doi: 10 .1126 /science .1156630 .

Lamb, M.P., Dietrich, W.E., and Sklar, L.S., 2008b, A 
model for fluvial bedrock incision by impacting sus-
pended and bed load sediment: Journal of Geophysi-
cal Research, v. 113, no. F3, p. F03025, doi: 10 .1029 
/2007JF000915 .

Lamb, M.P., Mackey, B.H., and Farley, K.A., 2014, Amphi-
theater-headed canyons formed by megaflooding at 
Malad Gorge, Idaho: Proceedings of the National 
Academy of Sciences of the United States of America, 
v. 111, no. 1, p. 57–62, doi: 10 .1073 /pnas .1312251111 .

Leopold, L., and Maddock, T., 1953, The Hydraulic Geom-
etry of Stream Channels and Some Physiographic Impli-
cations: U.S. Geological Survey Professional Paper 
252, 64 p.

Limerinos, J.T., 1970, Determination of Manning coefficient 
from measured bed roughness in natural channels: U.S. 
Geological Survey Water-Supply Paper 1898-B, 53 p.

Lohse, K.A., and Dietrich, W.E., 2005, Contrasting effects 
of soil development on hydrological properties and 
flow paths: Water Resources Research, v. 41, no. 12, 
p. 1–17, doi: 10 .1029 /2004WR003403 .

Mackin, J.H., 1948, Concept of the graded river: Geologi-
cal Society of America Bulletin, v. 101, p. 1373–1388.

Major, J., Pierson, T., Dinehart, R., and Costa, J., 2000, Sedi-
ment yield following severe volcanic disturbance—A 
two-decade perspective from Mount St. Helens: Geol-
ogy, v. 28, no. 9, p. 819–822, doi: 10 .1130 /0091 -7613 
(2000)28 <819: SYFSVD>2 .0 .CO;2 .

Marcott, S.A., Fountain, A.G., O’Connor, J.E., Sniffen, P.J., 
and Dethier, D.P., 2009, A latest Pleistocene and Holo-
cene glacial history and paleoclimate reconstruction 
at Three Sisters and Broken Top volcanoes, Oregon, 
U.S.A.: Quaternary Research, v. 71, no. 2, p. 181–189, 
doi: 10 .1016 /j .yqres .2008 .09 .002 .

Montgomery, D.R., 2001, Slope distributions, threshold hill-
slopes, and steady-state topography: American Journal 
of Science, v. 301, no. 4–5, p. 432–454, doi: 10 .2475 
/ajs .301 .4 -5 .432 .

Montgomery, D.R., and Buffington, J.M., 1997, Channel-
reach morphology in mountain drainage basins: Geo-
logical Society of America Bulletin, v.  109, no.  5, 
p. 596–611, doi: 10 .1130 /0016 - 7606 (1997)109 .

Montgomery, D.R., and Gran, K.B., 2001, Downstream 
variations in the width of bedrock channels: Water 
Resources Research, v. 37, p. 1841–1846, doi: 10 .1029 
/2000WR900393 .

National Center for Airborne Laser Mapping (NCALM), 
2008, North Sister, OR: Collier Cone lava flow, doi: 10 
.5069 /G9WM1BB6 .

O’Connor, J.E., and Beebee, R.A., 2009, Floods from natu-
ral rock-material dams, in Burr, D., Carling, P., and 
Baker, V., eds., Megafloods on Earth and Mars: Cam-
bridge, UK, Cambridge University Press, p. 128–171.

O’Connor, J.E., and Costa, J.E., 2008, The World’s Larg-
est Floods, Past and Present—Their Causes and Mag-
nitudes: U.S. Geological Survey Circular 1254, 19 p.

O’Connor, J.E., Hardison, J.H., and Costa, J.E., 2001, 
 Debris Flows from Failures: Neoglacial-Age Moraine 
Dams in the Three Sisters and Mount Jefferson Wilder-
ness Areas: U.S. Geological Survey Professional Paper 
1606, 93 p.

Parker, G., 1978, Self-formed straight rivers with equilib-
rium banks and mobile bed. Part 2. The gravel river: 
Journal of Fluid Mechanics, v. 89, no. 1, p. 127–146, 
doi: 10 .1017 /S0022112078002505 .



Rapid fluvial incision of a late Holocene lava flow

 Geological Society of America Bulletin, v. 1XX, no. XX/XX 13

Parker, G., 1991, Selective sorting and abrasion of river 
gravel: Theory: Journal of Hydraulic Engineering, 
v. 117, p. 131–149.

Phillips, J.V., and Tadayon, S., 2006, Selection of Man-
ning’s roughness coefficient for natural and constructed 
vege tated and non-vegetated channels, and vegetation 
maintenance plan guidelines for vegetated channels in 
central Arizona: U.S. Geological Survey Scientific In-
vestigations Report 2006-5108, 41 p.

Sanders, J.W., Cuffey, K.M., MacGregor, K.R., and Collins, 
B.D., 2012, The sediment budget of an alpine cirque: 
Geological Society of America Bulletin, v. 125, no. 1–2, 
p. 229–248, doi: 10 .1130 /B30688 .1 .

Scheingross, J.S., Brun, F., Lo, D.Y., Omerdin, K., and 
Lamb, M.P., 2014, Experimental evidence for fluvial 
bedrock incision by suspended and bedload sedi-
ment: Geology, v. 42, no. 6, p. 523–526, doi: 10 .1130 
/G35432 .1 .

Scott, W.E., 1977, Quaternary Glaciation and Volcanism, 
Metolius River area, Oregon: Geological Society of 
America Bulletin, v. 88, no. 1, p. 113–124, doi: 10 .1130 
/0016 -7606 (1977)88 <113: QGAVMR>2 .0 .CO;2 .

Seidl, M.A., Dietrich, W.E., and Kirchner, J.W., 1994, Lon-
gitudinal profile development into bedrock: An analy-
sis of Hawaiian Channels: The Journal of Geology, 
v. 102, p. 457–474, doi: 10 .1086 /629686 .

Sherrod, D.R., Taylor, E.M., Ferns, M.L., Scott, W.E., Con-
rey, R.M., and Smith, G.A., 2004, Geologic Map of 
the Bend 30-  × 60-Minute Quadrangle, Central Ore-
gon: U.S. Geological Survey Geologic Investigations 
Series Map I-2683, scale 1 (https:// pubs .er .usgs .gov 
/publication /i2683).

Sklar, L.S., and Dietrich, W.E., 2001, Sediment and rock 
strength controls on river incision into bedrock: Geol-
ogy, v. 29, no. 12, p. 1087–1090, doi: 10 .1130 /0091 
-7613 (2001)029 <1087: SARSCO>2 .0 .CO;2 .

Sklar, L.S., and Dietrich, W.E., 2004, A mechanistic model 
for river incision into bedrock by saltating bed load: 
Water Resources Research, v. 40, no. 6, p. 1–22, doi: 10 
.1029 /2003WR002496 .

Sklar, L.S., and Dietrich, W.E., 2006, The role of sediment 
in controlling steady-state bedrock channel slope: Im-
plications of the saltation–abrasion incision model: 
Geomorphology, v. 82, no. 1–2, p. 58–83, doi: 10 .1016 
/j .geomorph .2005 .08 .019 .

Smith, G.A., 1986, Coarse-grained nonmarine volcani-
clastic sediment: Terminology and depositional pro-
cess: Geological Society of America Bulletin, v.  97, 
no. 1, p. 1–10, doi: 10 .1130 /0016 -7606 (1986)97 <1: 
CNVSTA>2 .0 .CO;2 .

SNOTEL, 2016, SNOTEL, U.S. Department of Agriculture: 
National Resources Conservation Service: http:// www 
.nrcs .usda .gov /wps /portal /nrcs /detail /or /snow/ (accessed 
16 March 2016).

Stock, J.D., Schmidt, K.M., and Miller, D.M., 2008, Con-
trols on alluvial fan long-profiles: Geological Society 
of America Bulletin, v. 120, no. 5–6, p. 619–640, doi: 
10 .1130 /B26208 .1 .

Swanson, F.J., Jones, J.A., Crisafulli, C.M., and Lara, A., 
2013, Effects of volcanic and hydrologic processes 
on forest vegetation: Chaitén volcano, Chile: An-
dean Geology, v.  40, no.  2, p.  359–391, doi: 10 .5027 
/andgeoV40n2 -a10 .

Turowski, J.M., and Rickenmann, D., 2009, Tools and cover 
effects in bedload transport observations in the Pitz-
bach, Austria: Earth Surface Processes and Landforms, 
v. 34, p. 26–37, doi: 10 .1002 /esp .1686 .

Turowski, J.M., Lague, D., and Hovius, N., 2007, Cover 
effect in bedrock abrasion: A new derivation and its 
implications for the modeling of bedrock channel 
morphology: Journal of Geophysical Research, v. 112, 
no. F4, p. F04006, doi: 10 .1029 /2006JF000697 .

Whipple, K.X., Hancock, G.S., and Anderson, R.S., 2000a, 
River incision into bedrock: Mechanics and relative ef-
ficacy of plucking, abrasion, and cavitation: Geological 
Society of America Bulletin, v. 112, no. 3, p. 490–503, 
doi: 10 .1130 /0016 -7606 (2000)112 <490: RIIBMA>2 .0 
.CO;2 .

Whipple, K.X., Snyder, N.P., and Dollenmayer, K., 2000b, 
Rates and processes of bedrock incision by the  Upper 

Ukak River since the 1912 Novarupta ash flow in 
the Valley of Ten Thousand Smokes, Alaska: Geol-
ogy, v. 28, no. 9, p. 835–838, doi: 10 .1130 /0091 -7613 
(2000)28 <835: RAPOBI>2 .0 .CO;2 .

Wobus, C., Whipple, K., Kirby, E., Snyder, N.P., Johnson, 
J.P.L., Spyropolou, K., Crosby, B., and Sheehan, D., 
2006, Tectonics from topography: Procedures, prom-
ise, and pitfalls, in Willett, S.D., Hovius, N., Brandon, 
M.T., and Fisher, D.M., eds., Tectonics, Climate, and 
Landscape Evolution: Geological Society of America 
Special Paper 398, p.  55–74, doi: 10 .1130 /2006 .2398 
(04) .

Wohl, E.E., 2000, Channel processes, in Mountain  Rivers: 
Washington, D.C., American Geophysical Union, 
p. 53–148, doi: 10 .1029 /WM014 .

Wohl, E.E., and Merritt, D.M., 2001, Bedrock channel 
morphology: Geological Society of America Bulletin, 
v.  113, no.  9, p.  1205–1212, doi: 10 .1130 /0016 -7606 
(2001)113 .

Wolman, M.G., and Miller, J.P., 1960, Magnitude and fre-
quency of forces in geomorphic processes: The Journal 
of Geology, v. 68, no. 1, p. 54–74, doi: 10 .1086 /626637 .

Wu, Q., Zhao Z., Liu L, et al., 2016, Outburst flood at 1920 
BCE supports historicity of China’s Great Flood and 
the Xia dynasty: Science, v. 353, doi: 10 .1126 /science 
.aaf0842 .

Yager, E.M., Kirchner, J.W., and Dietrich, W.E., 2007, Cal-
culating bed load transport in steep boulder bed chan-
nels: Water Resources Research, v. 43, p. W07418, doi: 
10 .1029 /2006WR005432 .

Science editor: Bradley S. Singer 
aSSociate editor: Joel PederSon

ManuScriPt received 22 March 2016 
reviSed ManuScriPt received 22 auguSt 2016 
ManuScriPt accePted 1 noveMBer 2016

Printed in the USA

https://pubs.er.usgs.gov/publication/i2683
https://pubs.er.usgs.gov/publication/i2683
http://www.nrcs.usda.gov/wps/portal/nrcs/detail/or/snow/
http://www.nrcs.usda.gov/wps/portal/nrcs/detail/or/snow/

	Rapid fluvial incision of a late Holocene lava flow: 
Insights from LiDAR, alluvial stratigraphy, and numerical modeling
	ABSTRACT
	INTRODUCTION
	What Sets the Pace of Fluvial Incision in Volcanic Landscapes?
	Approach and Scope
	Volcanic and Glacial Setting

	METHODS
	Measuring Channel Morphology and Incision
	Alluvial Stratigraphy and Radiocarbon Sampling

	FIELD EVIDENCE FOR INCISION MECHANISMS AND TIMING
	Bedrock Gorges: Morphology, Pre-Incision Topography, and Sediment Provenance
	Alluvial Morphology and Sedimentology: Implications for Sediment Transport Rates and Mechanisms
	Hydrologic Regime

	MODELING PHILOSOPHY: ASSESSING THE DRIVING FORCES OF INCISION
	MODEL FORMULATION AND PROCEDURE
	Assumptions and Parameter Constraints
	Channel Hydraulics

	Mechanistic Modeling of Bedrock Abrasion
	Governing Equations
	Modeling Procedure


	EROSION BY SNOWMELT AND OUTBURST FLOODS
	DISCUSSION
	Channel Width Scaling, Stream Power, and Implications of the Drainage Area Exponent
	Hydraulics, Sediment Transport, and Application of Incision Models to Steep Channels
	Channel Initiation
	Evolution of Temperate Volcanic Landscapes

	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES CITED

	Equation 1
	Equation 2
	Equation 3
	Equation 4
	Equation 5
	Equation 6
	Equation 7
	Equation 8
	Equation 9
	Equation 10
	Equation 11
	Equation 12
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Table 1
	Table 2
	Data Repository item 2016322

