
For permission to copy, contact editing@geosociety.org  
© 2023 Geological Society of America

GSA Bulletin; November/December 2023; v. 135; no. 11/12; p. 3143–3162; https://doi.org/10.1130/B36524.1; 10 figures; 2 tables; 1 supplemental file. 
Published online 16 March 2023

3143

Late Miocene or older canyon incision in the northern U.S. Cordillera 
shown by erosion rates, incision models, and basalt flow ages

Nate Mitchell1,†, Brian Yanites1, Alison Duvall2, Eugene Humphreys3, Jonathan Perry-Houts3,  
Philip Schoettle-Greene2, and Seth Williams2

1�Department of Earth and Atmospheric Sciences, Indiana University, 1001 East 10th Street, Bloomington, Indiana 47405-1405, USA
2�Department of Earth and Space Sciences, University of Washington, Johnson Hall Room-070, Box 351310, 4000 15th Avenue NE, 
Seattle, Washington 98195-1310, USA

3�Department of Earth Sciences, University of Oregon, 100 Cascade Hall, 1272 University of Oregon, Eugene, Oregon 97403, USA

ABSTRACT

Deep canyons along the Salmon, Snake, 
and Clearwater rivers in central Idaho, USA 
suggest long-lasting transient incision, but 
the timing and drivers of this incision are 
not well understood. The perturbation of 
the Yellowstone hotspot, eruption of flood 
basalts, and drainage of Lake Idaho all oc-
curred within or near to this region, but the 
relationship among these events and incision 
is unclear. Here, we utilized in situ 10Be cos-
mogenic radionuclide concentrations for 46 
samples (17 new) of fluvial sediment across 
the region to quantify erosion rates, calibrate 
stream power models, and estimate incision 
timing. We estimate that transient incision 
along the Salmon River began prior to ca. 
10 Ma. However, canyon age decreases to ca. 
5 Ma or earlier farther to the north. For a 
group of tributaries underlain by basalt, we 
use the age of the basalt to estimate that local 
transient incision began between ca. 11.5 and 
5 Ma. Based on these timing constraints, the 
canyons along the Salmon and Clearwater 
rivers predate the drainage of Lake Idaho. 
We argue that canyon incision was triggered 
by events related to the Yellowstone hotspot 
(e.g., basalt lava damming, subsidence of the 
Columbia Basin, reactivation of faults, and/
or lower crustal flow). Furthermore, our 
models suggest basalt may be more erodible 
than the other rock types we study. We show 
that lithology has a significant influence on 
fluvial erosion and assumptions regarding 
river incision model parameters significantly 
influence results. Finally, this study high-

lights how geodynamic processes can exert a 
significant influence on landscape evolution.

INTRODUCTION

The processes shaping the Earth’s surface 
are influenced by geodynamics, tectonics, 
climate, and hydrology (Willett, 1999; Kirby 
and Whipple, 2001; Whipple, 2004; Rowley 
et al., 2013; Adams et al., 2020), and landscape 
morphology is increasingly shown to offer a 
record of the interactions between these drivers 
(Howard, 1965; Whittaker, 2012). For example, 
geodynamic and tectonic processes can drive 
relative surface uplift, which in turn enhances 
landscape gravitational potential energy and 
fluvial erosion. Such changes in river erosion 
then migrate upstream through watersheds 
(Rosenbloom and Anderson, 1994; Niemann 
et al., 2001; Crosby and Whipple, 2006; Berlin 
and Anderson, 2007), transmitting the new base 
level fall rate to hillslopes (Gallen et al., 2011). 
Geomorphologists often target landscapes 
undergoing transience to learn about the nature 
and timing of the driving factors in a man-
ner similar to depositional systems within the 
stratigraphic record (e.g., Harkins et al., 2007; 
Gran et al., 2013; Crow et al., 2014; Ellis et al., 
2015; Schmidt et al., 2015; Pavano et al., 2016; 
Duvall et al., 2020; Quye-Sawyer et al., 2020; 
Stephenson et al., 2021). Indeed, although ero-
sional systems involve the destruction of bed-
rock and removal of sediment, the geomorphic 
features created by erosional processes can still 
preserve a record of past events (Coulthard and 
Van De Wiel, 2012). In this study, we combine 
erosion rates from cosmogenic radionuclides, 
basalt stratigraphy, and river incision model-
ing of tributaries of the Salmon and Clearwater 
rivers in central Idaho, USA (Fig. 1) to gain 
insight into the recent geological history of the 
northern U.S. Cordillera.

Rivers in the Salmon and Clearwater water-
sheds flow from low-relief surfaces at high 
elevations to deeply incised canyons at low 
elevations (Fig. 1A). We therefore interpret this 
region to be a transient landscape, such that 
there is a low-erosion rate (relict) portion that 
preserves a previous rate of base level fall and a 
high-erosion rate (adjusted) portion that is erod-
ing at the modern rate of base level fall. There 
are also portions of the landscape that are cur-
rently between these two endmember states. This 
canyon incision occurs within a wide range of 
lithologies (e.g., basalt, granodiorite, and gneiss; 
Fig. 2), and these conditions can therefore offer 
insight into the influence of rock properties on 
transient river incision and landscape evolution.

The nature and origin of landscape transience 
in central Idaho has been long debated, with 
authors over a century ago recognizing a plateau 
or peneplain representing an erosional surface 
(Lindgren, 1904; Umpleby, 1912; Blackwelder, 
1912; Lindgren and Livingston, 1918). Both 
plateau formation and transient incision into 
plateaus are long-standing problems in geomor-
phology, with investigations into such issues 
frequently becoming embroiled in debates con-
cerning the timing of and reasons for plateau for-
mation and incision (e.g., Karlstrom et al., 2008; 
Flowers et al., 2008; Yang et al., 2015; Whipple 
et al., 2017). Potential drivers of canyon incision 
in central Idaho include: (1) faulting along the 
Salmon River suture zone (Fig. 2A; Tikoff et al., 
2001; Kahn et al., 2020); (2) drainage reorgani-
zation events related to the passage of the Yel-
lowstone hotspot, such as the drainage of ancient 
Lake Idaho down the proto-Snake River (Meyer 
and Leidecker, 1999; Link et al., 2014); (3) lava 
damming by Columbia River Basalts (CRBs) 
and subsidence within the Columbia Basin 
(Reidel and Tolan, 2013; Larimer et al., 2019); 
and (4) uplift or mantle-lithospheric interactions 
(e.g., lithospheric delamination) associated with 
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the Yellowstone hotspot (Vogl et al., 2014; Lar-
imer et  al., 2019). These potential drivers are 
discussed in the background section below.

The foremost goal of this study is to use esti-
mates of erosion rates and river incision mod-
eling to test if the timing of canyon incision in 
central Idaho aligns with the expected timings 
for these hypotheses. Another goal of this study 
is to examine how landscape response depends 
on spatial variations in bedrock properties 
(Fig. 2A). Incision timing is influenced by the 

external forcing of a landscape as well as the 
properties of the landscape itself (e.g., bedrock 
erodibility), so constraining a landscape’s his-
tory through river incision modeling requires 
careful consideration of how such properties are 
portrayed through model parameters.

Here, we apply a multifaceted approach to 
pursue the following research questions: (1) 
What is the spatial distribution of relict and 
adjusted erosion rates across the Salmon and 
Clearwater watersheds? (2) When did incision 

begin, and how does incision timing vary across 
the watersheds? (3) How do river incision model 
parameters such as erodibility vary with rock 
type and how do these parameters influence the 
reconstruction of geological history from topog-
raphy? To address these research questions, 
we utilize 17 new and 29 previously published 
(Kirchner et al., 2001; Larimer et al., 2019) in 
situ 10Be concentrations from fluvial sediment 
taken from the low-relief and high-relief (relict 
and adjusted, respectively) portions of central 

Figure 1. Figure adapted from 
Mitchell and Yanites (2019). 
(A) Overview of the study area 
in Idaho, USA. We investigate 
the drivers of transient incision 
along the Salmon and Clearwa-
ter rivers. We show (1) sampling 
locations for our cosmogenic 
erosion rates, (2) the former 
extent of Lake Idaho (Wood 
and Clemens, 2002), and (3) 
the Yellowstone hotspot track, 
with ages shown for previous 
caldera locations (Pierce and 
Morgan, 2009). (B) Inset show-
ing the Salmon and Clearwater 
watersheds’ positions within 
Idaho. State abbreviations are 
shown for Idaho (ID), Wash-
ington (WA), Oregon (OR), 
Montana (MT), and Wyoming 
(WY). The Salmon River and 
Clearwater River are labeled 
as SR and CR, respectively. 
NF—North Fork; MF—Middle 
Fork; SF—South Fork; ASL—
above sea level.

A

B
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Idaho (Figs. 1A and 2A). We use these 10Be con-
centrations and basalt geochronology to quantify 
erosion rates, calibrate stream power models, 
and estimate regional incision timing. Previ-
ous incision timing estimates in the region were 
spatially limited (Larimer et al., 2019), whereas 

we estimate incision timing for 57 new stream 
profiles distributed throughout the Salmon and 
Clearwater watersheds (Fig.  2A). Our study 
allows us to clarify the origin of landscape tran-
sience in the region and explore the relationships 
between lithology and bedrock river erosion.

BACKGROUND

Central Idaho Field Site

The complex geological history of this region 
allows for a large number of potential drivers of 

Figure 2. (A) Geologic map 
of the study area in north-
ern Idaho, USA (see inset in 
Fig.  1A) (Lewis et  al., 2012). 
Figure modified from Mitch-
ell and Yanites (2019). (B) 
Columbia River Basalt flows 
underlying the basalt tributar-
ies we study (Lewis et al., 2005, 
2007; Kauffman et  al., 2009; 
Barry et al., 2013; Reidel et al., 
2013; Kauffman et  al., 2014). 
Flow numbers and timings 
are from Barry et  al. (2013); 
N/A stands for not available. 
Active faults (bold lines) are 
defined by the U.S. Geological 
Survey and Idaho Geological 
Survey (2018). Circles made 
of dashed white lines highlight 
the areas where tributaries 
have incised through the units 
Tgv (14.4–12.5 Ma) and Tcsc 
(12–11.5 Ma).

A

B

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/135/11-12/3143/5988140/b36524.1.pdf
by University of Washington user
on 06 March 2025



Mitchell et al.

3146	 Geological Society of America Bulletin, v. 135, no. 11/12

transient river incision. These potential drivers 
are summarized in Table 1. In this section, we 
discuss the region’s geological history and each 
potential driver.

Much of central Idaho’s tectonic history sur-
rounds its position within the Cordilleran fold 
and thrust belt (Skipp, 1987; Link and Janecke, 
1999; Janecke et  al., 2000). Following the 
breakup of supercontinent Pangea in the Trias-
sic, the North American Cordillera was built by 
subduction of oceanic crust and the accretion of 
intraoceanic island arcs to North America dur-
ing the Mesozoic and early Cenozoic (Saleeby, 
1983; Dickinson, 2004). Subduction of oce-
anic crust during this period created the Idaho 
Batholith (Fig. 2A; Skipp, 1987), with its first 
intrusions at ca. 98 Ma stitching the accreted ter-
ranes to North America along the Salmon River 
suture zone (Snee et al., 1984; Gaschnig et al., 
2011). Sections of the Idaho Batholith continued 
to be emplaced until as late as 53 Ma (the Bit-
terroot lobe; Foster et al., 2001). Fabrics of the 
Atlanta lobe (83–67 Ma) of the Idaho Batholith 
suggest the presence of a crustal plateau (Byerly 
et al., 2017; Fayon et al., 2017), and the exten-
sion of such a plateau could be significant for 
regional exhumation (Kahn et al., 2020). Indeed, 
the creation of the Challis Magmatic Complex 
(Fig.  2A) during the Eocene (51–43 Ma) is 
thought to be related to the extensional collapse 
of over-thickened crust (Gaschnig et al., 2011).

Basin and range extension has been active in 
the far eastern regions of the Salmon Watershed 
from as early as 17 Ma to the present (Janecke 
et  al., 1991; Janecke, 1992; Fig.  2A), but we 
do not study rivers in this area. In the western 

Salmon watershed, basin and range extension 
also reactivated the Salmon River suture zone 
(Tikoff et  al., 2001) after the extrusion of the 
CRBs (Fig.  2); these basalt are discussed in 
greater depth below. The Salmon River suture 
zone had domino-style normal faulting (east-
dipping faults, eastern side moving down) 
accommodating motion between the extending 
accreted terrain to the west and the intact Idaho 
Batholith to the east (Tikoff et al., 2001). This 
faulting generally does not extend into the batho-
lith (Hamilton, 1963; Tikoff et al., 2001). The 
Quaternary fault database from the U.S. Geolog-
ical Survey and Idaho Geological Survey (2018) 
does not indicate active faulting for most of the 
Clearwater and Salmon watersheds (active faults 
shown as bold lines in Fig. 2). Faulting along 
the Salmon River suture zone may have contrib-
uted to regional incision, but the east-dipping, 
east-side down normal faults would not have 
provided relative uplift in the upstream direc-
tion along the Salmon River. Regardless, any 
faulting related to the extensional collapse of a 
crustal plateau (Byerly et al., 2017; Fayon et al., 
2017; Kahn et al., 2020) could still be impor-
tant. For example, a reduction in elevation in one 
area could provide base level fall to areas farther 
upstream, potentially triggering transient inci-
sion and drainage reorganization. Furthermore, 
the Yellowstone hotspot is thought to have acted 
as a catalyst for Basin and Range extension (Par-
sons et al., 1994; Camp et al., 2015).

The western regions of our study area are 
unique lithologically, as they feature the CRBs. 
The timing of CRB extrusion from ca. 17 to 
5 Ma over Oregon, Idaho, and Washington 

(USA) (Kasbohm and Schoene, 2018) generally 
coincides with the passage of the Yellowstone 
hotspot through southern Idaho (Fig. 1A; Reidel 
et al., 2013), and many studies have argued that 
the Yellowstone hotspot caused the extrusion of 
the CRBs (Camp, 1995; Dodson et  al., 1997; 
Takahahshi et al., 1998; Camp and Hanan, 2008; 
Darold and Humphreys, 2013). Peak extrusion 
rates occurred from 16.7 to 15.9 Ma, generating 
over 95% of CRB volume (main eruptive phase; 
Reidel et  al., 2013; Kasbohm and Schoene, 
2018). Flood basalts filled river valleys, and 
the waning eruptions from ca. 15.6 to 6 Ma 
gave more time for rivers to incise through lava 
dams (Camp, 1981; Camp et al., 1982; Reidel 
et al., 2013). Lava damming could cause either 
a base level rise or a temporary decrease in base 
level fall rates, potentially creating the low-
relief landscape in central Idaho (Larimer et al., 
2019). Larimer et al. (2019) noted that once lava 
damming had ceased, the resumption of river 
incision could lead to the dissection of relict 
surfaces. Whether lava damming lasted long 
enough to drive a substantial decrease in relief 
within the relict surfaces remains an open ques-
tion. Additionally, the Columbia Basin (Fig. 1A) 
subsided over 3.5 km between the onset and ces-
sation of CRB volcanism (Reidel et al., 1989, 
2013; Reidel and Tolan, 2013; Perry-Houts and 
Humphreys, 2018). This subsidence could drive 
base level fall in our study area, contributing to 
canyon incision. Infilling by basalt during sub-
sidence would be an important consideration for 
the generation of base level fall, however.

Incision through dated lava flows provides 
maximum constraints on incision timing. 

TABLE 1. POTENTIAL DRIVERS OF TRANSIENT RIVER INCISION IN CENTRAL IDAHO, USA

Potential driver Expected timing Expected spatial pattern References

Extensional collapse of a plateau Sometime after ca. 67 Ma Unclear; depends on collapse timing, 
orientation of major drainages during 
the collapse, and any resulting drainage 
reorganization.

Byerly et al. (2017);
Fayon et al. (2017);
Kahn et al. (2020)

Flood basalts cause lava damming, 
subsequent reincision, and 
(potentially) drainage reorganization

Between ca. 17 and 5 Ma Incision within and upstream of areas underlain 
by basalt.

Larimer et al. (2018)

Subsidence of the Columbia Basin 
during flood basalt extrusion 
(although basalt infilling may inhibit 
the generation of base level fall)

Between ca. 17 and 5 Ma By itself, we would expect it to generate uniform 
incision depths farther upstream (i.e., across 
central Idaho). Other factors could explain 
increased incision along the Salmon River.

Perry-Houts and Humphreys 
(2018)

Faulting along the Salmon River 
suture zone

During Basin and Range extension and 
after local CRB extrusion (Grande 
Rhonde basalt: 16–15.6 Ma), so 
potentially after ca. 15.6 Ma

Enhanced incision upstream of the faults along 
the Salmon River.

Tikoff et al. (2001);
Barry et al. (2013);
Kahn et al. (2020)

Lithospheric delamination During the passage of the Yellowstone 
hotspot through Idaho, sometime after 
ca. 17 Ma

Enhanced rock uplift near the Idaho Batholith, 
decreasing with distance. Delamination 
would likely coincide with volcanism, and 
there are no recent volcanics in the batholith.

Larimer et al. (2018)

Lower crustal flow away from Snake 
River Plain

During the passage of the Yellowstone 
hotspot through Idaho, sometime after 
ca. 17 Ma

Enhanced rock uplift near the Snake River Plain 
(SRP), decreasing with distance. Potentially 
symmetric, with enhanced uplift on the north 
and south sides of the SRP.

McQuarrie and Rodgers 
(1998); Yuan et al. (2010)

Drainage of Lake Idaho down the 
proto-Snake River

Between ca. 3.4 and 2 Ma Incision along the Snake River sweeps 
upstream into the Salmon and Clearwater 
rivers.

Wood (1994); Wood and 
Clemens (2002); Meyer and 
Leidecker (1999); Link et al. 
(2014); Staisch et al. (2021)

Note: CRB—Columbia River Basalts.
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Figure 2B is a geologic map of the CRBs sepa-
rated by flow age. The vast majority of CRBs 
here consist of the extensive Imnaha (ceased ca. 
16.6 Ma; 5.3% of CRB volume), Grande Ronde 
(ceased ca. 16.1 Ma; 72.3% of CRB volume), 
and Wanapum basalts (ceased ca. 15.9 Ma; 5.9% 
of CRB volume; Barry et al., 2013; Kasbohm and 
Schoene, 2018). There are also thin units of the 
younger Saddle Mountain Basalts (ca. 15–6 Ma; 
1.2% of CRB volume) in the area, which are 
composed of many small flows that became 
increasingly infrequent at ca. 12 Ma (Barry 
et al., 2013; Kasbohm and Schoene, 2018). Fig-
ure 2B shows that tributaries to the Salmon and 
Clearwater rivers have incised through the Gran-
geville (14.4–12.5 Ma), Craigmont (12 Ma), and 
Swamp Creek (11.5 Ma) members of the Saddle 
Mountain Basalts (Barry et al., 2013). We there-
fore argue that transient incision in this vicinity 
began after ca. 11.5 Ma. It is possible, however, 
that basalt extrusion occurred during ongoing 
regional incision. We will use incision timing 
estimates from nearby non-basalt tributaries to 
further assess this possibility, but the morpholo-
gies of basalt tributaries in Figure 2B can only 
attest to incision histories after ca. 11.5 Ma (i.e., 
the tributaries’ morphologies were modified by 
extrusions until that time).

Canyon incision in central Idaho could also be 
related to the drainage of Lake Idaho. The lake 
occupied a fault-bounded graben in the west-
ern Snake River Plain (Fig. 1A) from ca. 9.5 to 
1.7 Ma (Wood, 1994; Wood and Clemens, 2002). 
The lake’s drainage area increased as the North 
American plate moved W-SW over the Yellow-
stone hotspot, forcing the continental divide far-
ther eastward (Beranek et al., 2006; Wegmann 
et al., 2007). The lake’s increasing drainage area 
contributed to it spilling over into what is now 
Hell’s Canyon in western Idaho (Fig. 1A; Wood 
and Clemens, 2002). Wood and Clemens (2002) 
estimated this drainage to have occurred some-
time between 6.4 and 1.7 Ma, but recent detri-
tal U-Pb zircon data has further constrained the 
timing to between 3.4 and 2 Ma (Staisch et al., 
2022). This drainage capture event may have 
caused incision along the Snake River, poten-
tially sending a migrating wave of incision into 
the Salmon and Clearwater watersheds (Meyer 
and Leidecker, 1999; Link et al., 2014).

Larimer et  al. (2019) argued that transient 
incision along the Salmon River could be related 
to interactions between the lithosphere and Yel-
lowstone plume. Specifically, these authors 
hypothesized that the plume may have facilitated 
the delamination of a dense root from the aging 
Idaho Batholith (Fig.  2A). Such lithospheric 
foundering could replace eclogite with perido-
tite, generating surface uplift and river incision. 
By calibrating one-dimensional stream power 

models to transient stream profiles in a small 
area, these authors estimated that increased inci-
sion near Burdgorf, Idaho (Fig. 1A), began at ca. 
9.5 ± 2 Ma. Interestingly, a threefold increase 
in exhumation rates from ca. 11 to 8 Ma is also 
shown by fission track data in the Boise Moun-
tains (Fig. 1A; Sweetkind and Blackwell, 1989) 
and (U-Th)/He dating in the Pioneer-Boulder 
Mountains (Fig.  1A; Vogl et  al., 2014). The 
style of northwards surface tilting proposed by 
Larimer et  al. (2019) is further supported by 
a regional north-to-south gradient in canyon 
incision depths demonstrated by Mitchell and 
Yanites (2019). Incision depths along main-
stem rivers increase by ∼4 m per kilometer 
southwards (Fig. 1A), and the alignment of this 
incision gradient in relation to the Yellowstone 
hotspot track could suggest that the hotspot 
has played a role in canyon incision. Delami-
nation within the Idaho Batholith would likely 
coincide with volcanism (Elkins-Tanton, 2007; 
Schoenbohm and Carrapa, 2015), however, and 
the absence of recent volcanics within the Idaho 
Batholith is notable. The Yellowstone hotspot 
could also provide uplift from thermal buoyancy 
(Vogl et al., 2014), but one might not expect such 
uplift to extend as far north as the Salmon and 
Clearwater rivers.

The Yellowstone hotspot could also drive 
regional surface uplift by emplacing mafic mag-
mas (McQuarrie and Rodgers, 1998), which 
could then drive flexural uplift and/or induce 
lower crustal flow. For example, McQuarrie and 
Rodgers (1998) argued that the heavy load of 
a 17-km-thick, 100-km-wide basalt sill in the 
eastern Snake River Plain (in the Yellowstone 
hotspot track; Fig. 1A) may have driven lower 
crustal flow. Yuan et al. (2010) also argued that 
the magmatic loads of the eastern Snake River 
Plain could drive significant outflow of lower 
crust. The flow of the lower crust away from the 
eastern Snake River Plain could have inflated 
the surrounding crust, driving surface uplift and 
river incision. We would expect the surface uplift 
from lower crustal flow to be symmetrical on 
either side of the Snake River Plain, but only the 
north side has low-relief surfaces being dissected 
by incision (Fig. 1A). If lower crustal flow has 
contributed to surface uplift, either (1) the crust’s 
structure made it energetically favorable for the 
lower crust to flow preferentially northwards 
or (2) Basin and Range extension south of the 
Snake River Plain has obliterated any evidence 
of previous surface uplift. One should also note 
that canyon incision driven by flexure and/or 
lower crustal flow is not dependent on a mantle 
plume model for the Yellowstone hotspot track, 
but only on the presence of basalt in the eastern 
Snake River Plain. For example, Zhou (2018) 
argued that the Yellowstone hotspot track rep-

resents the northeastward progression of tearing 
within the subducting Farallon slab, but this sce-
nario would still emplace heavy loads of basalt 
within the Snake River Plain, potentially driving 
lower crustal flow.

The breadth of potential geologic processes 
influencing canyon incision in this region pres-
ents a rich problem. Indeed, this challenge 
highlights a wide variety of processes related to 
tectonics, geodynamics, volcanology, and drain-
age reorganization. Our focus is to use surface 
response (i.e., river incision) as a means of dis-
entangling these drivers.

Background on Bedrock River Morphology 
and Erosion

We work to constrain the driver(s) of land-
scape transience in the northern U.S. Cordillera 
by analyzing the morphologies of bedrock riv-
ers. Bedrock river incision is commonly repre-
sented by the stream power equation (Howard 
and Kerby, 1983; Howard, 1994; Whipple and 
Tucker, 1999):

	

δ
δ

δ
δ

z

t
U KA

z

x
m

n

= − ,

	

(1)

where z is elevation [L], t is time [T], U is rock-
uplift rate [L T–1], K is erodibility [L1–2 m T–1], A 
is drainage area [L2], x is distance upstream [L], 
and both m and n are exponents. These expo-
nents depend on erosion physics (Whipple et al., 
2000a) and the scaling relationships between 
drainage area, channel width, and discharge 
(Whipple and Tucker, 1999).

If a stream is equilibrated (dz/dt = 0) and has 
uniform properties (K ≠ f(x)), Equation 1 shows 
that channel slope (dz/dx) should scale with 
rock-uplift rates and erodibility:
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where ks is channel steepness [L2m/n] (Wobus 
et al., 2006). The ratio m/n influences river con-
cavity θ (Tucker and Whipple, 2002), which 
describes the rate at which channel slope 
decreases with drainage area. The value of m/n 
is thought to vary from ∼0.35 to 0.6 in graded 
rivers, although measured concavities can vary 
due to factors like the inclusion of transport-
limited reaches or spatial changes in rock-uplift 
rates (Whipple and Tucker, 1999). Regressions 
of channel slope versus drainage area in log-log 
space (slope-area plots) can be used to quantify 
channel steepness (Wobus et  al., 2006). Note 
that because the dimensions of ks depend on 
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m/n, ks values created with different m/n values 
cannot be directly compared. We therefore rep-
resent m/n with a reference concavity θref and 
calculate a normalized steepness index ksn as 
|dz/dx| × Aθref.

Separating variables in Equation 2 and inte-
grating provides a method for depicting river 
profiles with a transformed distance upstream 
(Perron and Royden, 2013):
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dx0 , 	 (4)

where xb is the position of base level (x = 0 m), 
χ is a transformed river distance upstream [L], 
and A0 is a reference drainage area taken here 
as 1 km2. River profiles displayed using χ 
rather than x are called χ-plots, and the gradient 
between river elevation and χ is related to chan-
nel steepness (ksn A0

–m/n).

Influence of Lithology on Fluvial Erosion

The combination of transient incision and 
complex geology in central Idaho also presents 
a valuable opportunity to explore the role of rock 
properties in fluvial erosion. Rock properties 
are known to have a significant influence on flu-
vial erosion and morphology (Goode and Wohl, 
2010; Allen et al., 2013; Zondervan et al., 2020), 
but clear relationships between rock properties 
and river incision model parameters often remain 
elusive (Armstrong et al., 2021). The Salmon and 
Clearwater watersheds have a striking combina-
tion of lithologies that includes gneiss and quartz-
ites of the Belt Supergroup, granodiorite of the 
Idaho Batholith, and the CRBs (Fig. 2A). Rock 
properties like fracture density (DiBiase et al., 
2018; Scott and Wohl, 2019), tensile strength 
(Sklar and Dietrich, 2001; Bursztyn et al., 2015), 
and weathering susceptibility (Murphy et  al., 
2016; Ibarra et al., 2016) likely vary between the 
lithologies in central Idaho, and these properties 
influence fluvial erosion. Because our goal is to 
constrain the incision histories of tributaries to 
the Salmon and Clearwater rivers, we carefully 
consider both the influence of rock properties on 
incision model parameters and the influences of 
these parameters on the reconstruction of geo-
logical history from topography.

METHODS

We constrain the timing of canyon incision 
along 57 central Idaho tributaries using two 

approaches. First, we calculate tributary incision 
depths by projecting relict channel steepness 
from knickpoints to tributary outlets and then 
divide this incision depth by an estimated canyon 
deepening rate (i.e., incision rate; the difference 
between the adjusted and relict erosion rates). 
Second, we use calibrated stream power models 
to depict changes in river profiles through time. 
Incision timings are then estimated by compar-
ing observed and simulated stream profiles. 
Below, we describe in detail our methods for 
quantifying erosion rates in relict and adjusted 
river basins and estimating incision timing.

Bedrock River Morphology and Erosion 
Rates

We used TopoToolbox v2 (Schwanghart and 
Kuhn, 2010; Schwanghart and Scherler, 2014) 
to extract river profile data from 10 m digital 
elevation models (DEMs) provided by the U.S. 
Geological Survey (USGS). We specifically 
extracted river profiles from transient drainage 
basins because transient stream profiles can be 
used to gain insight into past conditions (Whit-
taker, 2012). To minimize potential variations in 
rock strength, we only selected transient drain-
age basins underlain by a single lithology (gran-
itoid, basalt, gneiss, quartzite, or siltite). Before 
analyzing river profiles, we manually selected 
a critical drainage area over 0.1 km2 defining a 
“roll over” in slope-area data marking the transi-
tion from hillslope to fluvial processes (Mont-
gomery and Foufoula-Georgiou, 1993). To mini-
mize the noise common in DEMs (Wobus et al., 
2006), we then smoothed river profile elevations 
over 55 nodes. We found this smoothing interval 
to reduce scatter in slope-area plots while pre-
serving the shape of the profile. Because slope-
area plots and χ-plots have different advantages 
and disadvantages (Wang et al., 2017), we used 
both methods to examine spatial variations in ksn 
and identify sampling locations for our cosmo-
genic erosion rates. Using a reference concavity 
(θref) of 0.5, we inspected slope-area plots and 
χ-plots to select the boundaries of relict and 
adjusted reaches. The boundaries of the relict 
and adjusted reaches were then used to calcu-
late relict and adjusted steepness values within 
χ-plots (Equation 3).

For each transient tributary, we use Equation 
3 to project the relict profile downstream of the 
knickpoint and estimate the incision depth at the 
tributary’s outlet (Mitchell and Yanites, 2019):

	
I z k A z xKP snrel

m

n
KP b= − − ( )

−

0 χ ,
	

(5)

where I is incision depth [L], zKP is knickpoint 
elevation, ksn rel is the relict steepness, χKP is the 

χ value at the knickpoint, and z(xb) is the outlet 
elevation (i.e., the tributary’s confluence with the 
mainstem river). The resulting incision depth can 
be regarded as the thickness of extra rock the 
tributary has eroded through during its transient 
adjustment (in comparison with the thickness of 
rock eroded in the relict part of the landscape). 
Because we focus on small tributaries underlain 
by single rock types, our approach minimizes 
the uncertainties involved in projecting the relict 
steepness to the tributary outlet (e.g., limited cli-
matic and lithologic variability over such short 
distances). We estimated incision depths in 
χ-plots created with reference concavities (i.e., 
m/n ratios in Equation (5)) of 0.3, 0.5, and 0.7.

Calculating Cosmogenic Erosion Rates

Cosmogenic radionuclides (CRN) are created 
when cosmic rays impact nuclei, causing spall-
ation reactions in which lighter nuclei are ejected 
(von Blanckenburg, 2005). The production rate 
of CRNs within soil and bedrock decreases with 
depth due to the scattering and absorption of cos-
mic rays (Gosse and Phillips, 2001). The accumu-
lation of CRNs in bedrock is also offset by their 
removal at the surface through erosion, and in an 
equilibrated landscape this competition leads to a 
characteristic CRN concentration at the bedrock 
surface (Lal, 1991). The approach commonly 
taken by geomorphologists (Bierman and Steig, 
1996; Granger et al., 1996) is to sample fluvial 
sediment in an active channel and use the CRN 
concentration of the sediment to represent the 
average concentration within bedrock surfaces 
upstream of the sampling location. The CRN we 
focus on here, 10Be, accumulates in quartz, so we 
sampled fluvial sediment from drainage basins 
underlain by quartz-bearing lithologies.

We collected fluvial sediment at 17 locations 
within the Salmon and Clearwater watersheds 
(Figs. 1A and 2A). These locations were selected 
to isolate a completely relict (low erosion rate) or 
adjusted (high erosion rate) drainage basin lack-
ing any indication of recent landslides or glacia-
tion. Rather than sampling mainstem rivers that 
integrate a multitude of lithologies and erosional 
signals, we targeted smaller tributaries (0.74–10 
km2) to minimize variations in lithology and ero-
sion rate. We selected five sampling locations in 
what we interpreted to be the relict landscape 
and 12 locations in what we interpreted to be the 
adjusted landscape. We based these interpretations 
on spatial patterns in channel steepness and hill-
slope angle distributions. The sampling locations 
were also selected to complement previously pub-
lished CRN-derived erosion rates in this region 
(Kirchner et al., 2001; Larimer et al., 2019).

After collecting sediment samples in the 
field, we cleaned and separated the quartz grains 
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using the methods of Kohl and Nishiizumi 
(1992). We then isolated the beryllium in the 
quartz and measured 10Be concentrations at the 
PRIME Laboratory at Purdue University. With 
these in situ 10Be concentrations, we then cal-
culated catchment-averaged erosion rates using 
LSDTopoTools (Mudd et al., 2016) and a 10 m 
DEM provided by the USGS. In LSDTopoTools, 
we filled the DEM using a minimum slope of 
0.0001, calculated topographic shielding using 
an azimuth interval of 5° and an inclination inter-
val of 5° (as recommended by Codilean, 2006), 
and chose the Braucher et  al. (2009) scaling 
scheme for CRN production by muon-induced 
reactions. To assess the impact of topographic 
shielding on these erosion rates (DiBiase, 2018), 
we also calculated erosion rates without topo-
graphic shielding.

We combined the results for these 17 new 
samples with those for 29 samples from previ-
ous studies (21 from Kirchner et al., 2001, and 
eight from Larimer et al., 2019). We processed 
the 10Be concentrations for these 29 samples in 
LSDTopoTools in the same manner described 
above. We interpreted that 18 of the samples are 
in relict drainage basins, eight of the samples 
are in adjusted drainage basins, and three are in 
transient drainage basins (i.e., containing both 
relict and adjusted portions). With these 29 addi-
tional samples, we used a total of 46 samples in 
this study (Figs. 1A and 2A). This compilation 
resulted in 23 relict, 20 adjusted, and three tran-
sient samples in our analysis. The three transient 
samples are not used in the determination of rel-
ict and adjusted erosion rates.

Estimating Incision Timing from Incision 
Depths and Rates

Whereas we used relict and adjusted drainage 
basins to constrain the relict and adjusted ero-
sion rates in central Idaho, we used the stream 
profiles of transient drainage basins to constrain 
incision timing. We examined the transient inci-
sion of streams that drain directly into large 
drainages: the Salmon, Middle Fork Salmon, 
Clearwater, Middle Fork Clearwater, North Fork 
Clearwater, Selway, and Lochsa rivers (Fig. 1A). 
We focused on small tributaries because the inci-
sion at their outlets represents the incision of the 
mainstem river they flow into. This approach 
therefore allowed us to use main-stem rivers as 
a datum while also benefitting from the reduced 
uncertainty within individual transient tributar-
ies. For example, these small tributaries (1) allow 
for minimized climatic and lithologic variabil-
ity and (2) help us to avoid complications from 
long-wavelength patterns in rock uplift.

Incision timing is estimated using the incision 
depths (I) measured for each tributary (Equa-

tion 5). Specifically, we calculate an incision 
timing as:

	

t
I

E E
I

adj rel

=
−

,

	

(6)

where tI is incision timing [T] and Eadj and Erel are 
adjusted and relict erosion rates [L T–1], respec-
tively. We assess two sets of values for Eadj and 
Erel. The first set is based on the average adjusted 
and relict cosmogenic erosion rates. The second 
set is intended to portray a maximum incision 
rate, which would provide a minimum timing 
(tI). The maximum incision rate uses the highest 
Eadj value and the lowest Erel value, where each 
value is defined analyzing our adjusted and relict 
cosmogenic erosion rates (described below and 
in the Supplemental Material1). We do not use a 
minimum incision rate (utilizing the lowest Eadj 
and highest Erel, providing a maximum incision 
timing) because we will show that there is some 
overlap between the ranges of relict and adjusted 
erosion rates from different tributary basins. This 
overlap occurs in part because of the consider-
able uncertainty inherent in the use of cosmo-
genic erosion rates.

Bedrock River Incision Models

To define the range of base level fall rates in 
our incision models, we created a normal prob-
ability density function (PDF) for each relict and 
adjusted cosmogenic erosion rate. We used these 
PDFs to evaluate the probability that each ero-
sion rate occurs within different intervals (spac-
ings of 0.005, 0.010, and 0.015 mm yr –1). We 
then used the probabilities from all samples to 
define the lower and upper limits for relict and 
adjusted erosion rates in our incision models. 
Further details on this approach can be found in 
the Supplemental Material.

We use the stream power model to simu-
late tributary incision over time. The incision 
approach described in the previous section 
relies on the projection of relict profiles with 
steepness regressions. However, our simula-
tions of bedrock river incision over time are 
meant to estimate incision timing without strict 
assumptions regarding the initial conditions. 
In other words, if a simulation can sufficiently 
replicate the observed transient stream profile 
within a parameter space we define as reason-
able, then we accept the incision timing from 

that model as being potentially representative 
of the transient tributary in question. Further-
more, the calibration of incision models to trib-
utaries from different rock types will allow us 
to explore the relationships between lithology 
and incision model parameters. The transient 
responses of bedrock rivers are a critical test 
for models of fluvial erosion (Whipple, 2004), 
and the substantial transient incision in cen-
tral Idaho provides an excellent opportunity to 
explore how the transient behavior of bedrock 
rivers varies with rock type. Such information 
is not offered by our first approach for estimat-
ing incision timing.

We simulated the transient response of a river 
profile to a change in base level fall rates over 
34 m.y. The base level fall rates change from an 
initial rate (Ui) to a final rate (Uf), and t is the time 
since the change occurred. We calculate river 
profiles every 0.1 m.y. from 0.1 to 34 m.y.; more 
details regarding this approach are provided fur-
ther below. The relict portion of the landscape is 
in steady-state with Ui, while the adjusted por-
tion will eventually be in steady-state with Uf. By 
comparing simulated and observed profiles over 
time, one can estimate when transient incision 
began. For example, if transient incision began 
at 7 Ma then the simulated profile at t = 7 m.y. 
should have the lowest misfit relative to the 
observed profile (if the model and its parameters 
are accurate and representative). We chose to use 
a maximum time of 34 m.y. (i.e., from the begin-
ning of the Oligocene to the present) because 
it more than encompasses the main events we 
focus on as potential drivers of transient incision 
in the region: the drainage of Lake Idaho at ca. 
3.4–2 Ma (Staisch et al., 2022) and the onset of 
hotspot volcanism near southeastern Oregon at 
ca. 17–16 Ma (as well as related events, like the 
Yellowstone hotspot’s passage through southern 
Idaho, CRB volcanism, and the reactivation of 
the Salmon River suture zone; Pierce and Mor-
gan, 1992; Tikoff et al., 2001; Camp and Hanan, 
2008; Pierce and Morgan, 2009; Camp et  al., 
2015). Although transient incision could be 
related to the extensional collapse of a crustal 
plateau sometime after the emplacement of the 
Atlanta lobe of the Idaho Batholith (83–67 Ma; 
Byerly et al., 2017; Fayon et al., 2017), we do 
not assess model times approaching 67 Ma for 
the following reasons: (1) the exact timing of 
extensional collapse is poorly defined, (2) it is 
far less likely the drainage networks we study 
are representative of those existing as early as 
67 Ma, and (3) such early times are well beyond 
the creation of several units underlaying the trib-
utaries we examine (the Eocene Challis intrusive 
granitoids and the CRBs; Fig. 2A). Although we 
assess incision models for basalt tributaries up to 
34 m.y., the morphologies of rivers underlain by 

1Supplemental Material. Text: Probability 
Distributions for Relict and Adjusted Erosion 
Rates. Figures S1–S30. Tables S1–S2. Please visit 
https://doi​.org​/10​.1130​/GSAB​.S.21677063 to access 
the supplemental material, and contact editing@
geosociety.org with any questions.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/135/11-12/3143/5988140/b36524.1.pdf
by University of Washington user
on 06 March 2025

https://doi.org/10.1130/GSAB.S.21677063
https://doi.org/10.1130/GSAB.S.21677063


Mitchell et al.

3150	 Geological Society of America Bulletin, v. 135, no. 11/12

the CRBs (Fig. 2B) clearly cannot attest to inci-
sion that precedes the basalt itself.

We used the analytical version of the stream 
power model (Royden and Perron, 2013; Mitch-
ell and Yanites, 2019) to simulate river profile 
evolution following a step change in base level 
fall rates. The parameter space for our incision 
models is summarized in Table 2. Because we 
use an analytical approach, there are no initial 
conditions; using the χ values calculated for 
each tributary (Equation 4), a transient profile 
can simply be calculated for any given time t 
based on the assumed base level fall rates (ini-
tial rate Ui and final rate Uf) and stream power 
model parameters (K, n, and m) in each sce-
nario. Because we do not use a finite difference 
approximation, our models have no stability 
requirements and lack the numerical diffusion 
that occurs with the first-order upwind finite 
difference approximations commonly used for 
the stream power model (Royden and Perron, 
2013). Although we did not use a forward-run-
ning numerical model, our approach is similar 
in that we calculate a profile every 0.1 m.y. from 
0.1 to 34 m.y. (all within one combination of K, 
n, m, Ui, and Uf). After finding a best-fit model 
time within that combination of K, n, m, Ui, and 
Uf we calculate profiles over time for the next 
combination of model parameters. Note that for 
visual clarity in our figures, the main text only 
includes results for θref = 0.5. Results for refer-
ence concavities of 0.3 and 0.7 did not change 
our general conclusions but are included in the 
Supplemental Material to illustrate sensitivity to 
this parameter choice.

We use the Χ2 Misfit Function to compare 
observed and simulated stream profiles (Jeffery 
et al., 2013):
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where Χ2 describes the average misfit between 
the observed and simulated river profiles, N is 
the number of nodes along the profile, ν is the 
number of free parameters, simi is the simulated 
river elevation at node i, obsi is the observed 
river elevation at node i, and tolerance is a length 

scale we discuss below [L]. Because we only 
vary K for each combination of n and m (varia-
tion of these exponents is described below), we 
set ν to one. In the Supplemental Material, we 
present a method for calculating tolerance based 
on the average differences between steepness-
derived elevations and observed elevations. The 
results shown in the main text use a tolerance 
of 30 m to represent the average tolerance value 
calculated for transient stream profiles (29.3 m 
for m/n = 0.5; average tolerance values calcu-
lated with m/n = 0.3 and m/n = 0.7 are 44.8 m 
and 34.1 m, respectively). We also show results 
where tolerance varies (as calculated for each 
tributary) in the Supplemental Material. We 
focus on results where tolerance is always 30 m 
in the main text to maintain a uniform treatment 
for all transient stream profiles.

The slope exponent n parameter (Equation 1) 
has a significant impact on the transient response 
of a bedrock river (Tucker and Whipple, 2002). 
Although scaling analyses of erosion processes 
like plucking and abrasion suggest n ranges from 
∼0.67 to 1.67 (Whipple et al., 2000a), studies 
have reported n values as low as 0.4 ± 0.2 
(Whipple et al., 2000b) and ∼0.5 (Gallen and 
Wegmann, 2017) as well as n values as high as 
2.43 ± 0.15 (Harel et al., 2016) and ∼7 (Gal-
len and Fernández-Blanco, 2021). Our models 
incorporate a wide range of reference slope 
exponent n values (0.5–2; Table 2). Because (1) 
n controls whether a particular combination of 
Ui and Uf can reproduce the observed change in 
steepness between relict and adjusted reaches 
and (2) we cannot confidently define limits for 
this parameter, we also evaluated simulations 
for a calculated n value (ncalc). In each combina-
tion of Ui and Uf , we calculated an ncalc value as 
(Duvall et al., 2004):
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where ksn adj and ksn rel are the steepness values 
of the adjusted and relict reaches measured in 

χ-plots, respectively. The ncalc produced with 
Equation 8 is the n value required to achieve the 
observed change in steepness (ksn adj / ksn rel) for a 
given combination of Ui and Uf. For each value 
of n, we calculate drainage area exponent m as 
n × θref.

Every tributary has a suite of simulations for 
each combination of Ui, Uf , slope exponent n, 
and drainage area exponent m in which we opti-
mize erodibility K. This optimization consists 
of evaluating different simulations using erod-
ibilities distributed around the K value initially 
calculated as:

	
K U kf sn adj

n= − .
	

(9)

The different simulations assess K values 
ranging from 75% to 125% (Table 2) of the K 
calculated with Equation 9. After running each 
simulation, the K that produces the lowest misfit 
is made the center of a distribution of K values 
for a new set of simulations. This process of find-
ing a best-fit K and then exploring erodibilities 
distributed around that best-fit K value contin-
ues until the proportional change in the best-fit 
K between one set of simulations and the next is 
less than or equal to 2%. Erodibility optimiza-
tion occurs for each simulation from t = 0.1 m.y. 
to t = 34 m.y., and the computational efficiency 
of the analytical stream power model aids in han-
dling such a large number of simulated profiles. 
We chose to optimize K because there is con-
siderable uncertainty in U, m, and n; if a slight 
change in K can mean the difference between an 
acceptable or unacceptable model, our intention 
is to allow that change in erodibility. By optimiz-
ing K, our intention was also to test the accu-
racy of Equation 9 for the calibration of incision 
models. Equation 9 only uses an adjusted ksn for 
a particular set of assumed U and n values, but a 
best-fit K must reflect the entire profile (e.g., rel-
ict ksn and the shape of the knickzone). We pres-
ent the changes between the initial K (Equation 
9) and the final best-fit K values in the Supple-
mental Material.

We defined a simulation as being accept-
able when it has a Χ2 ≤ 1 (Equation 7). A Χ2 
value is the average difference in observed and 
simulated elevations, which is then divided by 
the tolerance and squared. With a tolerance of 
30 m in our main simulations, having Χ2 ≤ 1 
means that a simulated profile is within 30 m 
of the observed profile, on average. Because 
we optimized K in each simulation and thor-
oughly explored the parameter space (Ui, Uf , 
n, and m), we argue that our definition of an 
acceptable model is conservative, allowing a 
broad range of potential landscape transience 
histories.

TABLE 2. PARAMETER SPACE FOR BEDROCK RIVER INCISION MODELS, CENTRAL IDAHO, USA

Parameter Value

dt (m.y.) 0.1
tmax (m.y.) 34
Evaluated K values/calculated K 0.75, 0.9, 0.95, 0.98, 1, 1.02, 1.05, 1.1, and 1.25
Maximum proportional change in K for convergence 0.02
A0 (km2) 1
Slope exponent n 0.5, 0.6, 0.67, 0.75, 1, 1.33, 1.5, 1.67, 2, and ncalc

θref 0.3, 0.5, and 0.7
Drainage area exponent m n θref
Ui range (mm yr –1) 0.02 to 0.06
Uf range (mm yr –1) 0.04 to 0.11
U interval (mm yr –1) 0.005
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RESULTS

Bedrock River Morphology

Within the studied tributaries, we consistently 
observe low-steepness reaches at high elevations 
and high-steepness reaches at low elevations 
(Fig. 3). These observations are consistent with 
our interpretation of central Idaho as a transient 
landscape (Mitchell and Yanites, 2019). Many 
tributaries have broad, convex knickzones 
(Fig. 3C) that we interpret as stretch zones (Roy-
den and Perron, 2013) situated between relict and 
adjusted reaches. In contrast, basalt tributaries 
generally lack a convex knickzone and instead 
have sharp knickpoints (Fig. 3B). The tributar-
ies in Figure 3 are distributed across the study 
area, with their locations shown in inset maps. In 
each subplot, we show the incision depths esti-

mated by projecting the relict steepness (dotted 
lines) from the knickpoint to the tributary’s 
outlet (Equation 5). The incision depths of these 
three tributaries range from ∼360 m to ∼1 km 
and are consistent with the north-to-south gradi-
ent in incision depths reported by Mitchell and 
Yanites (2019).

Cosmogenic Erosion Rates

Figure 4 shows the sampled drainage basins 
colored by erosion rate. These samples are widely 
distributed across these watersheds, extending 
from the North Fork Clearwater River to the 
upper reaches of the Salmon River. Erosion rates 
range from ∼0.024 mm yr –1 to 0.105 mm yr –1. 
Assuming an absorption depth scale of 0.6 m, 
these cosmogenic erosion rates would represent 
timescales of ∼5.7–25 k.y. (absorption depth 

scale/erosion rate; Brown et al., 1992; Bierman, 
1994). Tables S1 and S2 (see footnote 1) provide 
more details regarding cosmogenic erosion rate 
calculations (e.g., sample latitude, longitude, and 
10Be concentrations). These tables also include 
the erosion rates calculated with and without 
topographic shielding. Topographic shielding 
has a minimal impact on the calculated erosion 
rates, with almost all values changing by less 
than 2%. Only two samples had changes in ero-
sion rate exceeding 2%: one value changed by 
2.27% (unnamed Middle Fork Salmon tributary) 
and another changed by 11.76% (White Creek). 
The erosion rates shown in Figures 4 and 5 were 
calculated with topographic shielding.

Figures  5A and 5B show all cosmogenic 
erosion rates relative to reference frame a-b-c-
d, which is shown in Figure  4A. Conversely, 
Figures 5C and 5D show sample locations with 
distances upstream from the Salmon and Clear-
water watershed outlets, respectively, and only 
for tributaries directly connected to mainstem 
rivers. Erosion rates vary between the relict 
and adjusted catchments, with relict erosion 
rates ranging from ∼0.024 to 0.061 mm yr –1 
and adjusted erosion rates ranging from ∼0.05 
to 0.105 mm yr –1. Figure 5 shows there is no 
clear spatial trend in these data. Instead, relict 
and adjusted erosion rates in both watersheds 
vary around mean values. The mean relict and 
adjusted erosion rates of 0.037 ± 0.0098 mm 
yr –1 and 0.076 ± 0.017 mm yr –1 (with uncer-
tainties representing standard deviation) are 
shown as dotted and dashed lines in Figures 5A 
and 5B (Erel and Eadj). For an absorption depth 
scale of 0.6 m, these average relict and adjusted 
erosion rates would represent timescales of 
∼16.2 k.y. and 7.9 k.y., respectively (Brown 
et al., 1992; Bierman, 1994). The mean relict 
and adjusted erosion rates are similar along both 
the Salmon River (Fig. 5C) and Clearwater River 
(Fig. 5D). Note that the mean erosion rates listed 
above include erosion rates from basins situated 
within other, larger basins being used (Figs. 4E–
4G). If the erosion rates from the smaller basins 
are excluded so that only the erosion rates from 
the larger basins are used, the average relict and 
adjusted erosion rates are ∼0.041 and 0.071 mm 
yr –1, respectively. Because of the considerable 
uncertainty inherent in cosmogenic erosion rates, 
we argue that these average relict and adjusted 
erosion rates are quite similar to our overall aver-
ages of 0.037 and 0.076 mm yr –1.

Base Level Fall Rates in River Incision 
Models

We use these erosion rates to establish the 
base level fall rates in our two approaches for 
estimating incision timing (i.e., dividing incision 

Figure 3. Long profiles dem-
onstrating the distribution of 
transient incision across the 
Salmon and Clearwater wa-
tersheds in Idaho, USA. We 
show knickpoint elevations 
(zKP, yellow circles), steepness 
values (ksn) of relict and ad-
justed reaches (blue and red, 
respectively), and estimated 
incision depths (I). The location 
of each stream is shown in an 
inset map. NF—North Fork; 
trib.—tributary; m ASL—me-
ters above sea level.
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depths by incision rates and simulations over 
time). By evaluating probability distributions 
for our entire collection of relict and adjusted 
erosion rates (Figs. S1 and S2), we defined the 
ranges of initial (Ui) and final (Uf) base level fall 
rates as 0.02–0.06 mm yr –1 and 0.04–0.11 mm 
yr –1, respectively (Fig. 5). Given these ranges, in 
our first approach for estimating incision timing 
(Equation 6) we estimate incision timings with 
Erel = 0.037 mm yr –1 and Eadj = 0.076 mm yr  –1 
as well Erel = 0.02 mm yr –1 and Eadj = 0.11 mm 
yr –1 (where the latter set provides a minimum 
incision timing). In our second approach for 
estimating incision timing (i.e., simulations over 
time), we vary Ui and Uf values with an inter-
val of 0.005 mm yr –1 (Table 2). Because there 
is overlap in the ranges for Ui and Uf , we only 
assess incision models where Ui < Uf.

Incision Timing Estimates from Incision 
Depths and Rates

Incision timings from Equation 6 using 
the average relict and adjusted erosion rates 
(large symbols in Fig. 6) suggest transient inci-
sion began between 20.6 and 8.5 Ma in the 
Clearwater watershed and 30.8–13.1 Ma in 
the Salmon watershed. Upstream of the basalt 
along the Salmon River, minimum incision tim-
ings were calculated at ca. 10 Ma (small sym-
bols in Fig. 6B). For the basalt tributaries along 
the lower Salmon River (farther to the north), 
minimum incision timings were calculated at 
ca. 6 Ma. Throughout the Clearwater water-
shed, minimum incision timings were generally 
calculated at ca. 5 Ma (Fig.  6A). This north-
wards decrease in estimated incision timing is 

captured by the regressions shown in Figure 7A 
(R2 = 0.68). There is also a slight decrease in 
estimated incision timing from east to west 
(Fig. 7B). These findings are also supported by 
results using reference concavities of 0.3 and 0.7 
(Figs. S4–S7).

Best-Fit Bedrock River Incision Models

Example best-fit incision models are pre-
sented in Figure  8 (Salmon River) and Fig-
ure S8 (Clearwater watershed). These models 
demonstrate that our definition of an accept-
able model (i.e., a tolerance of 30 m) generally 
allows us to differentiate between simulations 
that would be visually described as good or 
poor model fits. For each tributary in Figure 8, 
we show incision models using three selections 

A

B C D

E

F G

H

Figure 4. Overview of the cosmogenic erosion rates in this study (Idaho, USA). Reference frame a-b-c-d in subplot A is used in Figures 5 and 
11. The samples from Kirchner et al. (2001) and Larimer et al. (2019) are labeled in subplots E–G. ASL—above sea level.
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of slope exponent n: (1) a calculated n (Equa-
tion 9), (2) a reference n value of 1, and (3) a 
reference n value of 2. For the Ui and Uf val-
ues used in these examples (0.03 and 0.09 mm 
yr –1), the calculated n values range from 0.55 
to 0.75. These low n values produce excellent 
model fits, while the higher n values of 1 and 2 
often lead to poor model fits. Higher n values 
generally fail to produce the large changes in 
steepness between relict and adjusted reaches. 
Furthermore, many streams in this region fea-
ture broad, convex knickzones (e.g., Carey 
Creek and Golden Creek in Fig. 8) that are only 
reproduced by models with n < 1 (Royden and 
Perron, 2013). Across all of our models, ncalc 
values of acceptable models range from 0.040 
to 2.47 while median ncalc values are generally 

between 0.4 and 0.6. More details regarding 
the parameters of our incision models (perfor-
mances of the ncalc and reference n values) are 
available in the Supplemental Material.

Figure 9 shows the estimated incision tim-
ings for all 23,654 acceptable models within 
the Clearwater watershed (Figs. 9A–9D) and 
Salmon watershed (Figs.  9E–9H). Because 
we show a broad range of potential landscape 
histories here, one should focus on the over-
lap between tributaries’ minimum and maxi-
mum incision timings (i.e., nearby tributaries 
should have similar incision histories). In each 
50 km section of Figure 9, we show the over-
lap between the section’s highest minimum 
and lowest maximum incision timings, which 
are generally acceptable incision timings for 

all tributaries in that section (those with any 
acceptable models).

Simulations using higher n values can pro-
duce relatively recent incision timing estimates 
(e.g., up to 1.5 and 2.4 Ma for n = 2 in Figs. 9D 
and 9H). These models with high n values, 
however, fail to produce any acceptable models 
for a large proportion of tributaries (especially 
along the Salmon River). In contrast, models 
with lower n values (e.g., n = 0.67 in Figs. 9B 
and 9F) more consistently produce acceptable 
models, and these models have earlier incision 
timings. Indeed, along the deeply incised section 
of the Salmon River (upstream of the basalt) the 
overlapping ranges of timings from both models 
using n = 0.67 (Fig. 9F) and models using all n 
values (Fig. 9E) suggest transient incision began 

A B

C D

Figure 5. Cosmogenic erosion rates used in this study (Idaho, USA). Subplots A and B show all samples’ positions (A) with distance south 
of line a-b and (B) with distance east of line a-d (Fig. 4A). Subplot C shows only samples situated along the Salmon River while subplot 
D shows only samples situated along the Selway, Middle Fork Clearwater, and North Fork Clearwater rivers. The error bars on each ero-
sion rate represent the total error (as reported by LSDTopoTools). Average adjusted (Eadj) and relict (Erel) erosion rates are shown with 
standard deviations.
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prior to ca. 10 Ma. The overlapping ranges of 
incision timings along the Clearwater River can 
be much lower (i.e., more recent) than those 
along the Salmon, but many 50 km sections have 
overlapping ranges of incision timings at or prior 
to ca. 5 Ma (Figs. 9A–9D).

These findings are supported by results using 
reference concavities of 0.3, 0.5, and 0.7, even 
when tolerance is fixed at 30 m (Fig. 9; Figs. 
S11 and S12) or individually calculated for each 
tributary (Figs. S13–S15). In each combina-
tion of m/n and tolerance, more tributaries have 
acceptable models for lower n values and the 
overlapping ranges of incision timings along the 

Salmon and Clearwater rivers precede ca. 10 Ma 
and ca. 5 Ma, respectively.

Comparison of the Incision Modeling 
Approaches

We used two different incision modeling 
approaches here (Table 2), and these approaches 
differ in their results, advantages, and disad-
vantages. The first approach (dividing incision 
depths by incision rates; Figs. 6 and 7) is simple 
and conceptually appealing, but it assumes that 
our estimated incision depths are accurate and 
does not provide an upper bound on incision tim-

ing (with the erosion rates used here; Fig. 5). Our 
second approach (finding best-fit model times; 
Figs. 8 and 9) does not rely on strict assumptions 
regarding initial conditions, lends itself to thor-
oughly exploring the parameter space in a man-
ner that recognizes the uncertainties involved, 
and provides insight into the correlation between 
erodibility and rock type (Fig. 10). Despite these 
advantages, the vast number of potential incision 
timings produced by our second approach are 
less amenable to clear interpretation. Overall, 
we present both sets of incision timing estimates 
because their opposing advantages and disadvan-
tages complement each other well. Furthermore, 

A B

Figure 6. Estimated incision timings shown by each tributary’s (tribs.) distance upstream of the (A) Clearwater watershed outlet and (B) 
Salmon watershed outlet (Idaho, USA). NF—North Fork; MF—Middle Fork; Eadj—adjusted erosion rate; Erel—relict erosion rate.

A B

Figure 7. Estimated incision timings in the Salmon and Clearwater watersheds (Idaho, USA) shown by (A) each tributary’s (tribs.) distance 
south of line a-b (DS) and (B) each tributary’s distance east of line a-d (DE; Fig. 4A). Eadj—adjusted erosion rate; Erel—relict erosion rate; 
tavg—average time; tmin—minimum time.
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both approaches suggest that transient incision 
began at ca. 5 and 10 Ma or earlier along the 
Clearwater and Salmon rivers, respectively, and 
we emphasize this point as our primary finding.

DISCUSSION

Taken together, our results indicate tran-
sient incision began along the Salmon River at 
ca. 10 Ma or earlier and along the Clearwater 
River farther to the north at ca. 5 Ma or earlier 

(Figs. 6–9). These incision timings predate the 
drainage of Lake Idaho (3.4–2 Ma; Staisch et al., 
2022) and align more closely with the onset of 
the Yellowstone hotspot near southeastern Ore-
gon at ca. 17–16 Ma (Pierce and Morgan, 1992, 
2009). We interpret these results to mean that 
canyon incision in central Idaho was not initi-
ated by the drainage of Lake Idaho, although the 
drainage could have accentuated the magnitude 
of incision. Below, we discuss the implications 
of these results with respect to the landscape 

evolution of the northern U.S. Cordillera as well 
as the role of lithology in the parameterization of 
bedrock river incision models.

Landscape Evolution of the Northern U.S. 
Cordillera

Our results show that transient incision in the 
Salmon and Clearwater watersheds has been 
ongoing for a relatively long duration. Indeed, 
even when thoroughly exploring the parameter 

A B C

D E F

G H

I

Figure 8. Examples of bedrock river incision models for three tributaries within the Salmon watershed (Idaho, USA). Subplots A–C show 
simulations for Rock Creek, subplots D–F show simulations for Carey Creek, and subplots G–I show simulations for Golden Creek. The 
final timestep in each subplot of Figure 8 is the best-fit model for that combination of model parameters (Ui—initial rock-uplift rate; Uf—
final rock uplift rate; n—slope exponent; m—drainage area exponent), that tributary profile, and any time (t) between 0 and 34 m.y. The 
projected relict profiles were then found by evaluating the best-fit model’s parameters at t = 0 years. Because of this distinction, the incision 
depths suggested by the projected relict profiles here are not always accurate (especially for the poor model fits using nref = 2 [nref—refer-
ence slope exponent n]). Note that this method for creating relict profiles is different than creating relict profiles from steepness regressions 
applied to the transient stream profiles, as shown in Figure 3. m ASL—meters above sea level; test—estimated time; ncalc—calculated slope 
exponent n.
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space of the stream power model our results 
along the Salmon River suggest canyon inci-
sion began no later than ca. 10 Ma, during the 
mid- to late Miocene or earlier (Figs. 6B and 
9E). Along the deeply incised portion of the 
Salmon River (upstream of the basalt), our 
results show the Salmon River canyon could be 
as old as ca. 25 or 30 Ma (Figs. 6B and 9E). 
We emphasize, however, that we are more con-
fident in the lower boundary of 10 Ma than any 
specific upper boundary. Nonetheless, these 
potential incision timings imply that a variety 
of early (ca. 30–10 Ma) events may be related 
to canyon incision in central Idaho. Such events 
include (Table 1) lava damming by CRB flows 
(Camp, 1981; Camp et al., 1982; Larimer et al., 
2019), subsidence within the Columbia Basin 
(Reidel et  al., 1989, 2013; Reidel and Tolan, 
2013; Perry-Houts and Humphreys, 2018), the 
reactivation of the Salmon River suture zone fol-
lowing CRB eruptions (Tikoff et al., 2001), the 
extensional collapse of a crustal plateau (Byerly 
et  al., 2017; Fayon et  al., 2017; Kahn et  al., 
2020), and uplift from flexure and/or lower 
crustal flow (McQuarrie and Rodgers, 1998; 
Yuan et  al., 2010). Furthermore, these events 
generally have a connection to the Yellowstone 
hotspot. For example, the hotspot is thought 
to have caused CRB extrusions (Hooper et al., 

A
E

F

G

H

B

C

D

Figure 9. Incision timings from all accept-
able models (Χ2 ≤ 1) for tributaries (Tribs) 
in (A–D) the Clearwater watershed and 
(E–H) the Salmon watershed (Idaho, USA). 
In four instances, a 50 km section did not 
have an overlapping range of incision tim-
ings; in that 50 km section, the highest 
minimum acceptable timing is above the 
lowest maximum acceptable timing. In such 
cases, the highlighted range represents the 
corresponding separation between high-
est minimum and lowest maximum inci-
sion timing. Incision timings for tributaries 
along the North Fork Clearwater and Mid-
dle Fork Salmon rivers (Fig. 1A) are shown 
as squares because those tributaries are 
situated farther from the other tributar-
ies shown. Note that that these rivers are 
included in the overlapping ranges of tim-
ings in several 50 km sections (150–250 km 
in A–D and 350–400 km in E–H). Even with 
the selection criteria used here (e.g., care-
fully inspecting stream profile data and 
only selecting tributaries underlain by one 
rock type), four tributaries to the Clearwa-
ter River and five tributaries to the Salmon 
River never received any acceptable models. 
NF—North Fork; MF—Middle Fork.
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2007; Camp and Hanan, 2008) and acted as a 
catalyst for Basin and Range extension (Parsons 
et al., 1994; Camp et al., 2015, although this 
relationship is debated; Colgan et  al., 2004). 
The timing of factors like lava damming and 
the reactivation of the Salmon River suture 
zone are thus aligned with the timing of the 
hotspot’s passage through southern Idaho. Such 
interconnections make it difficult to isolate the 
influence of each individual potential driver of 
canyon incision. We do not identify any specific 
event as the main driver of canyon incision, but 
instead argue that canyon incision was driven by 
a combination of factors related to the Yellow-
stone hotspot. Canyon incision in central Idaho 
reflects processes that have been ongoing for 
≥10 m.y., highlighting the potential for land-
scape morphology to record geological history.

The timing of incision along basalt tributaries 
might be further constrained through the com-
bination of incision timing estimates and basalt 
geochronology. The lowest minimum incision 
timing from Equation 6 for these basalt tributar-
ies is 5.4 Ma (Fig. 6). As discussed in the back-
ground section, basalt tributaries have incised 
through CRB flows as young as ca. 11.5 Ma 
(Fig. 2B). Our results could therefore suggest 
that transient incision along the Salmon and 
Clearwater rivers in this vicinity began between 
ca. 11.5 and 5.4 Ma. One should note, however, 
that this age constraint does not include the time 
required for drainage network development 
within the basalt. For example, drainage net-
work development within basalt of the Cascade 
Range of central Oregon required over 1 m.y. 
(Jefferson et  al., 2010). Before these basalt 
tributaries could respond to canyon incision 
along the Salmon and Clearwater rivers, they 
first had to develop integrated channel networks. 
This uncertainty is compounded by the fact that 
we lack relict and adjusted erosion rates within 
the basalt (Fig. 2A). Furthermore, it is possible 
that the extrusion of basalts occurred during 
regional incision; if so, basalt flow ages would 
not provide an upper limit for incision timing 
throughout the region. Nonetheless, results for 
nearby tributaries in locations where we do have 
cosmogenic erosion rates (e.g., along the Mid-
dle Fork Clearwater and Lochsa rivers; Figs. 1A 
and 2A) also suggest that transient incision has 
been ongoing since ca. 5 Ma (Fig.  6A). We 
therefore estimate that the transient incision of 
these basalt tributaries began between ca. 11.5 
and ca. 5 Ma.

The contrasting incision depths (Fig. 3) and 
incision timing estimates (Figs. 6 and 9) along 
the Salmon and Clearwater rivers could indi-
cate spatial differences in the timing of canyon 
incision in central Idaho. In the south, canyon 
incision along the Salmon River initiated at 

ca. 10 Ma or earlier, whereas canyon incision 
along the Clearwater River in the north may 
have begun more recently at ca. 5 Ma or earlier. 
Although our cosmogenic erosion rates do not 
suggest an increase in erosion rates to the south 
(Fig. 5A), canyon incision may have begun ear-
lier at locations closer to the Yellowstone hotspot 
track. Indeed, such conditions could correspond 
with the northwards surface tilting proposed 
by Larimer et al. (2019). In the case of surface 
uplift due to lower crustal flow (McQuarrie and 
Rodgers, 1998; Yuan et al., 2010), the north-to-
south increase in both incision depths (Fig. 1A) 
and estimated incision timings (Fig. 7A) could 
reflect the intensity and spatiotemporal evolu-
tion of lower crustal flow away from the eastern 
Snake River Plain. Otherwise, faulting and the 
extensional collapse of a crustal plateau (Tikoff 
et al., 2001; Byerly et al., 2017; Fayon et al., 
2017; Kahn et al., 2020) or the subsidence of 
areas with extensive CRB flows (Reidel et al., 
1989, 2013; Reidel and Tolan, 2013; Perry-
Houts and Humphreys, 2018) may have influ-
enced the Salmon and Clearwater watersheds 
in different ways, potentially allowing for the 
earlier creation of the Salmon River canyon. 
However, it is difficult to imagine a scenario 
that initiates transience along the Salmon River 
5 m.y. before the Clearwater River. Our results 
could allow for canyon incision starting at ca. 
10 Ma in both watersheds (Figs. 6 and 9). That 
timing would be close to the minimum incision 
timing from Equation 6 in the Salmon watershed 
(Fig. 6B) but greater than the minimum incision 
timing in the Clearwater watershed (Fig. 6A), 
an arrangement that would imply spatially vari-
able erosion rates (e.g., higher adjusted erosion 
rates along the Salmon). Our cosmogenic ero-
sion rates (Figs. 4 and 5) do not clearly dem-
onstrate such systematic changes in erosion rate 
over space.

We acknowledge that the methods we employ 
have limitations. For example, cosmogenic ero-
sion rates involve considerable uncertainties and 
they are representative over limited timescales 
(Bierman, 1994). We therefore cannot assert 
definitively that erosion rates have been sus-
tained over time as bimodal relict and adjusted 
erosion rates of ∼0.037 and 0.076 mm yr –1 
(Fig. 5). These erosion rates are relatively similar 
to the cooling rates from thermochronology data 
available for the region, however, with 40Ar/39Ar 
cooling ages showing exhumation rates of 0.05–
0.06 mm yr –1 since 78 Ma near Elk City, Idaho 
(Fig. 1A; Lund et al., 1986), and fission-track 
data showing exhumation rates of 0.03–0.1 mm 
yr –1 since 50 Ma in the Boise Mountains 
(Fig.  1A; Sweetkind and Blackwell, 1989). 
Although one might estimate erosion rates over 
time with inversion approaches for the stream 

power model (Goren et al., 2014), the choices 
commonly used in such approaches (e.g., assum-
ing n = 1) would be particularly problematic in 
this landscape. We discuss such considerations 
in the section below. We have focused on mod-
eling a step change in erosion rates because (1) 
our cosmogenic erosion rates from the high- 
and low-relief portions of central Idaho gener-
ally demonstrate variations around mean values 
(Fig. 5), (2) it is a conceptually simple starting 
point for unraveling the history of this land-
scape, (3) the consistent presence of high- and 
low-steepness reaches along transient tributaries 
(Fig. 3) makes this approach work well within 
the framework of the stream power model, and 
(4) without more constraints on erosion rate 
variations over time, the potential variations 
are limitless (both over time and across these 
large watersheds). If base level fall rates in the 
past were considerably higher than our adjusted 
erosion rates, then these rates may have been 
short-lived. Otherwise, these rates would likely 
be more imprinted over a larger proportion of 
the modern landscape (Willenbring et al., 2013). 
Such considerations and many others inherent 
within river incision modeling (e.g., the roles of 
sediment cover, large boulders, and discharge 
variability; Sklar and Dietrich, 2001; DiBiase 
and Whipple, 2011; Glade et al., 2019) imply 
that a more detailed accounting of the landscape 
evolution of central Idaho will require further 
study. Regardless, if events and processes related 
to the Yellowstone hotspot have contributed to 
canyon incision in central Idaho, as hypothe-
sized here, then this relationship would highlight 
the role of deep lithosphere/mantle processes on 
the landscape evolution of the northern U.S. Cor-
dillera. The interaction between a mantle plume 
and continental lithosphere could lead to unique 
scenarios of landscape evolution, and the canyon 
incision in central Idaho may be an example of 
such interactions.

Lithology and River Incision Model 
Parameterization

The river incision models we use to constrain 
incision timing also demonstrate a relationship 
between rock type and bedrock erodibility. 
Indeed, our model results show a contrast in 
erodibility between basalt and the other litholo-
gies within the study area (Fig. 10). For the sake 
of concision, we only show erodibilities for three 
n values: n = 0.67 (Fig. 10A), n = 1 (Fig. 10B), 
and n = 1.5 (Fig. 10C). Nonetheless, the trend 
apparent in Figure 10 is consistent across dif-
ferent n values. Regardless of the n value used, 
the erodibilities for basalt tributaries are gener-
ally higher than those for tributaries underlain 
by the other rock types assessed here (granitoid, 
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gneiss, quartzite, and siltite). The other rock 
types generally have acceptable models with 
similar erodibilities. Even though basalt can 
have a relatively high tensile strength (Sklar and 
Dietrich, 2001; Bursztyn et al., 2015), our field 
surveys indicate these basalt flows often feature 
extensive fractures (e.g., joints within columnar 
basalts) that likely reduce the basalt’s rock mass 
strength and increase its susceptibility to flu-
vial erosion. Additionally, basalt mineralogy is 
highly susceptible to chemical weathering which 
may feedback into erosion processes (Murphy 
et  al., 2016). One should note, however, that 
basalt does not yield quartz and we do not have 
any erosion rates within basalt watersheds. As 
a result, the relict erosion rates in basalt drain-
age basins could be lower than our relict ero-
sion rates, which would impact the erodibilities 
estimated through incision modeling. The wide 
range of erosion rates used in our incision mod-
els (Table 2) does include erosion rates as low 
as about half of the average relict erosion rate, 
however (0.02 mm yr –1 versus the average relict 
erosion rate of ∼0.037 mm yr –1).

The erodibility contrast between basalt and 
the other rock types (Fig.  10) varies with the 
reference concavity used. For θref = 0.3, accept-
able model fits suggest that basalt tributaries 
have even higher erodibilities relative to tribu-
taries from other rock types (Figs. S16 and S19). 
For θref = 0.7, however, the erodibility contrast 

between basalt and the other rock types disap-
pears; acceptable model fits using θref = 0.7 
generally suggest all rock types have similar 
erodibilities (Figs. S17 and S20). These dis-
tinctions reflect the sensitivity of erosion rate 
to drainage area (Equation 1); with θref = 0.7, 
the faster rate of channel slope reduction with 
drainage area (Equation 2) could make incision 
models less sensitive to variations in erodibility. 
Conversely, the reduced sensitivity of channel 
slope to drainage area when θref = 0.3 could 
make incision models more sensitive to varia-
tions in erodibility.

We optimized erodibility in our incision mod-
els, but changes in erodibility through optimiza-
tion were relatively small (Figs. S21–S26). In 
other words, there was generally a small contrast 
between the K initially calculated with Equation 
9 and the final best-fit erodibility after assess-
ing many different K values. For example, the K 
values in Figure 10 are generally within 5% and 
always within 15.5% of the K from Equation 9. 
Even though the K from Equation 9 is only based 
on a measured adjusted steepness and assumed 
n and U values, the best-fit K found through 
incision modeling reflects a wider range of fac-
tors like the relict steepness and the shape of the 
knickzone (which reflects K, n, m, and changes 
in drainage area along the profile). These results 
therefore support the utility of Equation 9 for 
calculating erodibility.

We observe variations in transient stream 
morphology that could represent a dependence 
of slope exponent n on rock type. Basalt tributar-
ies in our study area tend to have discrete knick-
points located at an abrupt change in steepness 
(Figs. 3B and 8A). In the context of the stream 
power model, such transient morphologies are 
produced for n ≥ 1 (Royden and Perron, 2013; 
Mitchell and Yanites, 2019). Conversely, tran-
sient streams in the other rock types we study 
(granitoid, gneiss, quartzite, and siltite) gener-
ally have convex knickzones separating relict 
and adjusted reaches (Figs.  3A, 3C, and 8B). 
Such morphologies are produced by stream 
power models using n < 1 (Royden and Perron, 
2013; Mitchell and Yanites, 2019). Variations in 
n with rock type could reflect dominant incision 
processes, and Whipple et al. (2000a) proposed 
that abrasion by suspended sediment should cor-
respond with an n value of ∼5/3 while pluck-
ing should correspond with n values of 2/3 to 1. 
Indeed, if n partially reflects the effects of sedi-
ment abrasion, it may also reflect the influence 
of lithology on the strength and grain size distri-
butions of sediment yielded from hillslopes to 
channels (Sklar and Dietrich, 2001; Sklar et al., 
2017; Roda-Boluda et al., 2018). Slope exponent 
n may also reflect hydraulic geometries and run-
off variability (Lague et al., 2005; Lague, 2014), 
with lower n values corresponding with greater 
runoff variability. Tributaries in each rock type 
received acceptable models using a range of 
reference n values (Figs.  8 and 9; Figs. S27 
and S28) and calculated n values (ncalc ranged 
from 0.040 to 2.47; Figs. S29 and S30), but only 
models using n ≥ 1 can produce the sharp knick-
points consistently present in basalt tributaries. 
We do not have proof of a covariation between 
rock type and slope exponent n, but if this covari-
ation occurs it could have (1) a significant impact 
on the spatiotemporal evolution of transient inci-
sion in central Idaho and (2) significant impli-
cations for modeling landscapes with variable 
lithology. Overall, the sensitivity of our model 
results to slope exponent n values (Figs. 8 and 9) 
highlights that sweeping assumptions regarding 
n (e.g., always assuming n = 1) can significantly 
impact model predictions.

CONCLUSIONS

In this study, we have shown that transient 
incision along the Salmon River of Idaho likely 
began at ca. 10 Ma or earlier while transient 
incision along the Clearwater River farther to 
the north likely began at ca. 5 Ma or earlier 
(Figs. 6–9). Based on the ages of basalt flows 
underlying tributaries to these rivers, we esti-
mate the incision of these basalt tributaries 
began between ca. 11.5 and 5 Ma. These spa-

Figure 10. Erodibility (K) val-
ues for all acceptable models 
(Χ2 ≤ 1) using (A) n = 0.67, 
(B) n = 1, and (C) n = 1.5. 
Next to each distribution, we 
show the number of stream 
profiles (“Tribs”) underlain by 
that rock type with acceptable 
models as well as the number 
of acceptable models. The total 
number of stream profiles for 
each rock type is shown as N at 
the bottom.

A

B

C
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tial variations in estimated incision timings 
could indicate earlier canyon incision to the 
south, potentially reflecting surface uplift that 
has propagated northwards over time. Based 
on both the timing and spatial patterns, we 
argue that canyon incision in these watersheds 
is driven by events and processes related to the 
Yellowstone hotspot. Such events include lava 
damming from Columbia River Basalt (CRB) 
flows (Camp, 1981; Camp et al., 1982; Larimer 
et al., 2019), subsidence in the Columbia Basin 
during CRB extrusions (Reidel et  al., 1989, 
2013; Reidel and Tolan, 2013; Perry-Houts and 
Humphreys, 2018), faulting along the Salmon 
River suture zone after CRB extrusions (Tikoff 
et al., 2001), and potential surface uplift from 
lower crustal flow (McQuarrie and Rodgers, 
1998; Yuan et al., 2010). We demonstrate these 
findings by compiling a collection of 46 cosmo-
genic erosion rates (17 of which are new) from 
in situ 10Be concentrations in fluvial sediment 
and estimating the incision timings of 57 stream 
profiles within the Salmon and Clearwater 
watersheds using bedrock river incision mod-
els. Our cosmogenic erosion rates targeted both 
the low-relief and high-relief portions of cen-
tral Idaho, which we interpret to be relict and 
adjusted landscapes, respectively. Relict erosion 
rates varied around an average of 0.037 mm 
yr –1, while adjusted erosion rates varied around 
an average of 0.076 mm yr –1. These data imply 
roughly a doubling in base level fall rates, with 
no clear spatial signature shown in the varia-
tion of either relict or adjusted erosion rates. We 
also modeled the incision histories of transient 
river profiles. Our model results highlight how 
assumptions regarding slope exponent n (i.e., 
always assuming n = 1) can significantly impact 
model results. Regardless of the n value used, 
our models suggest basalt could be more erod-
ible than the other rock types we focus on (gran-
itoids, gneiss, quartzite, and siltite) despite the 
high tensile strength of basalt (Sklar and Diet-
rich, 2001; Bursztyn et al., 2015). These find-
ings highlight the complicated role of lithology 
in fluvial erosion and landscape transience. Our 
findings highlight how the interaction between a 
mantle plume and continental lithosphere could 
have dramatic implications for landscape evolu-
tion. Central Idaho may therefore be an exem-
plary illustration of the interactions between 
geodynamics and surface processes.
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