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ARTICLE INFO ABSTRACT

Editor: J.P. Avouac We assess the growth of anomalously high relief on Denali, located in the Alaska Range, Alaska, and the tallest

mountain in North America (6190 masl). Denali is 3000 m taller than most surrounding peaks. It lies inside a 19°

Keywords: restraining bend in the active Denali fault system that is moving at about 7 mm/yr, providing a tectonic and
Relief mclrease structural driver for ongoing rock uplift. High relief around Denali is also due, in part, to its granitic rock type
Mt. Denali

and low fracture density relative to adjacent metasediments. Here we show that unique climatic conditions at
high elevations also contribute to the growth of relief. We examine °Be concentrations in 1) three new gravel
samples between 3500 and 5200 m elevation from sites unaffected by recent glacial erosion, 2) previously
published samples from a sidewall of the Kahiltna Glacier from 2400 to 2800 masl, 3) previously published data
for samples collected from medial moraines along the length of the Kahiltna Glacier from ~500 to 1400 masl,
and 4) previously published data for alluvial samples collected along the Kahiltna River at an elevation of ~200
masl. These samples constitute a transect extending >5000 vertical meters, and the data establish that erosion
rates decrease with elevation and contribute to the growth of relief. Erosion rates for the three new high-
elevation samples are calculated to 4.6 + 0.6 mm/ka at 5200 masl, 28.6 + 3.7 mm/ka at 4000 masl, and 38
+5 mm/ka at 3500 masl. Erosion rates at intermediate elevations, on the sidewall of the Kahiltna Glacier, range
between 160 and 327 mm/ka. Along the medial moraines inferred erosion rates range between 140 and 537
mm/ka, and basin-wide erosion rates calculated from sediments in the river below the glacier range between 450
and 896 mm/ka. These differences in erosion rates can create relief of 3 km within 1-10 Ma, well within the
estimated period of increase in rock uplift and exhumation on Denali over the last ~6 Ma. Meteorological data
from 2130 to 5550 masl at 5 sites show temperatures rarely exceed freezing above 4000 masl elevation, indi-
cating that frost weathering currently plays a diminished role in erosion at high elevations. The immediate
implication of this temperature and erosional correlation is an increase in relief. This is the first study to directly
measure a significant decrease in erosion rates at high elevations in the relative absence of frost weathering. The
results highlight the combined influence of rock type, glacial erosion, and permanent sub-zero temperatures on
erosion rates. In combination with active faulting, the data explain the resultant increase in relief along the
southern side of the Alaska Range over the past 100 ka.

Cosmogenic isotopes
Erosion rates

1. Introduction

The idea that erosion enhances growth of relief caused by tectonics,
and the quantification of such growth have been subjects of many
studies (e.g., Whittaker, 2012; Hurst et al., 2013a; Small and Anderson,
1998). The growth of extraordinary relief, for example, in the
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Himalayan syntaxes, has been ascribed to the interplay between tec-
tonics and erosion (e.g. Zeitler et al. 2001). Moreover, climate, man-
ifested by glacial erosion, may be a major factor in promoting or limiting
growth of relief in some settings (Brozovic et al., 1997; Whipple et al.,
1999; Mitchell and Montgomery, 2006; Brockelhurst et al., 2008; Lease,
2018). Rock-type variations are also recognized as a cause for major
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changes in relief. The roles of rock type and strength have been
demonstrated in landscapes in which contrasting rock types are adjacent
to each other (Dethier et al., 2014; Ward et al., 2012). The change in
relief is examined by comparing the erosion of summits with the erosion
of adjacent intermountain valleys (Quigley et al., 2007) as well as
through modelling that considers erosion, tectonic uplift and isostatic
response to unloading (e.g., Avouac and Burov, 1996). The increasing
use of cosmogenic isotopes in geomorphological studies and the ability
to quantify rates of erosion with increasing accuracy, enable the quan-
tification of the growth or reduction of relief over various spatial scales
(from the scale of channel-ridge couplets to the mountain ranges) and
temporal scales (10%-10° years).

Portenga and Bierman (2011) showed that slope gradient is a major
factor affecting erosion rates. Therefore, the increase of relief in terrains
where summits are flat and adjacent slopes are steep. This difference is
seen in both tectonically active (e.g. western North America mountain
ranges) and inactive (e.g. Appalachians) mountain ranges and is
expressed by at least an order of magnitude difference in average erosion
rates measured on mountain tops relative to basin-wide erosion rates (e.
g. Matmon et al., 2003; Riebe et al., 2003). Several studies demonstrated
the growth of relief due to incision alone (Quigley et al., 2007; Small,
1995; Small and Anderson, 1998; Hancock and Kirwan, 2007). Incision
removes mass and thus promotes isostatic uplift of the entire mountain
range. However, while erosion on mountain tops is slow, river bottoms
are incised rapidly such that river-bottom uplift is nearly negated by
intense incision. This difference results in the growth of relief.

An additional factor affecting the development of relief is elevation.
Where mountain range summits are in extremely cold conditions, which
inhibit erosion, while lower slopes have freeze-thaw cycles that promote
erosion, differential erosion will develop and lead to an increase in relief
(Griffiths, 1952; Lave et al., 2023). Furthermore, the introduction of
alpine glaciers into an unglaciated mountain range during a transition
from interglacial to glacial periods, would amplify this process of relief
growth (Montgomery, 1994; Small, 1995; Small et al., 1997; Small and
Anderson, 1998; Whipple et al., 1999; Brocklehurst and Whipple, 2002).
Mountain tops above alpine cirques are mostly unaffected by glacial
erosion and constantly frozen; however, the terrain downstream of
glacial cirques is intensely eroded and thus relief grows substantially.

The concept that erosion rates decrease with increasing elevation
(and decreasing temperatures) in glacier-covered terrain has been
around for several decades. However, this concept has been best
developed for glaciers where erosion rates are controlled by sliding
velocity (Boulton, 1974; Herman et al., 2015), entrained debris within
the glacier (Hallet, 1981), and thermal structure of the glacier base
(Boulton, 1972). We also note the underappreciated work of Griffiths
(1952) on the Denali massif, Alaska, in which he noted: “The erosional
process above 16,500 feet appears to be more akin to the process under severe
polar conditions than to the type of glacial geomorphic process displayed by
mountain masses in more temperate climates or at lower elevation...” He
continued, “Above the 16,500-foot level, the weathering and erosion pro-
cesses seem to be highly modified and greatly retarded by the climatic char-
acteristics of the mountain...”. Griffiths (1952) also noted the role of rock
type differences and glacial scouring below cirques (as opposed to no
scouring above the cirques) in creating an erosional gradient with
elevation and producing relief. This insight into the development of
topography was at least several decades ahead of its time, yet the basic
concepts have proven challenging to demonstrate.

The study we present here is the first we are aware of to have direct
measurements of erosion rate and temperature on a single mountain that
transitions from lower altitudes, where frost cracking acts to increase
erosion and reduce topography, to high elevations that are perpetually
below freezing and where erosion rates become very low. In this study,
we use new and previously published '°Be concentrations (Matmon
et al., 2020) measured in several types of samples to determine erosion
rates (e.g. Bierman, 1994). We combine the cosmogenic isotope data
with high-altitude meteorological data to understand the effects of
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elevation and temperature on erosion and, by inference, on the pro-
duction of relief. The samples are from the Kahiltna drainage basin,
Alaska Range, Alaska, that drains the southwestern aspect of Denali, the
tallest mountain (6190 m) on the North American continent. The 10ge
samples come from: 1) granitic bedrock samples collected from flat
bedrock surfaces, above glacial cirques, at elevations between 3500 and
5200 masl, 2) granitic bedrock samples collected from cirque sidewalls
at an elevation range between 2400 and 2800 masl, from the of the
Kahiltna Glacier tributaries, 3) medial moraines along the length of the
Kahiltna Glacier, from ~500 to 1400 masl, and 4) alluvial samples
collected from along the Kahiltna River at an elevation of ~200 masl.
The results highlight the combined influence of rock type, glacial
erosion, and permanent sub-zero temperatures on erosion rates and
indicate the resultant increase in relief along the southern side of the
Alaska Range at least over the last 100 ka.

1.1. Geographic, topographic and geologic setting

Denali lies in the central Alaska Range of southern Alaska (Fig. 1).
The Alaska Range parallels the trace of the active dextral Denali fault,
which now accommodates far-field deformation related to the collision
of the Yakutat microplate into the southern Alaska margin (e.g.
Haeussler, 2008; Eberhart-Phillips et al., 2003). As Denali lies adjacent
to a restraining bend in the Denali fault system, the high topography is a
product of movement of material through the bend (Plafker et al., 1992;
Fitzgerald et al., 1993; Haeussler, 2008; Lease et al., 2016; Burkett et al.,
2016; Benowitz et al., 2021). The Denali fault slip rate in this region is 7
mm/yr (Haeussler et al., 2017a), and this results in a long-term rock
uplift rate of Denali of about 1.5 mm/yr since about 6 Ma (Fitzgerald
et al., 1995).

The Kahiltna drainage system (~15,000 km? area upstream of our
lowest elevation samples) drains the southern face of the Denali massif
(Fig. 2). The head of the Kahiltna catchment is at the summit of Denali,
and extends 75 km south along the Kahiltna Glacier, the longest valley
glacier on the south side of the Alaska Range. The ELA (equilibrium line
altitude) of the Kahiltna Glacier is about 1875 masl (Goodwin et al.
2012). This glacier feeds the braided Kahiltna River, which travels about
80 km, to its junction with the Susitna River, which then drains into the
ocean in Cook Inlet.

The Denali massif consists of granodiorite that intruded previously
deformed and slightly metamorphosed Cretaceous flysch 58 Ma (Reed
and Nelson, 1980; Hung, 2008; Hampton et al., 2010). The bedrock
underlying the high topography of Denali is almost entirely within this
granodiorite, with the exception of some flysch on the north summit
(5934 masl, or 19,470 ft). West of the upper Kahiltna Glacier are an
assortment of moderately metamorphosed Paleozoic sediments and
volcanic rocks, which were intruded by granodiorite of the Foraker
pluton about 38 Ma (Reed and Lanphere, 1973; Reed and Nelson, 1980;
Regan et al. 2020). Thus, the geology of the Kahiltna drainage is
dominated by two rock types — granitic rocks and slate/greywacke tur-
bidites (Reed and Nelson, 1980; Fig. 2). The granitoids dominate the
high topography and all summits are underlain by granitoids. Easily
erodible and fractured dark-colored rock types (slate and greywacke)
compose the lower slopes south of the high-elevation mountain
summits.

2. Methods

For this study, three new high-elevation samples were collected from
the southwest side of Denali for cosmogenic '°Be analysis (Figs. 2, 3 and
Table 1). These samples were composed of >100 angular and fresh clasts
(up to 3 cm) that were collected from relatively flat, but narrow, granitic
bedrock surfaces that are perpetually windswept with little snow accu-
mulation, at elevations of 3535, 4023, and 5242 masl. We interpret the
10Be concentrations measured in these samples as indicating steady-
state erosion of the underlying bedrock surfaces. These three new
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Fig. 1. A. General location map indicating the location of Denali, and the major tectonic feature including the bend in the Denali fault. YAK-NA - Yakutat-north
America, PAC—NA - Pacific-north America. Slip rates from Haeussler (2008) and Eberhart-Phillips et al. (2003).
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Fig. 2. A. Close-up on the Kahiltna drainage basin. Samples from Matmon et al. (2020) are indicated by black dots and sample name. High elevation samples are
indicated by solid black diamonds. Weather station locations are indicated with red solid squares with elevations in red text. B. Close-up on the Kahiltna drainage
basin indicating lithologic distribution throughout the basin. Samples from Matmon et al. (2020) are indicated by black dots and sample name. High elevation
samples are indicated by solid diamonds.
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Fig. 3. Locations and photos of high elevation samples. A) High elevation samples are indicated by solid diamonds. Numbers in sample name indicate elevation in
meters above sea level. Weather station locations are indicated with red solid squares. Numbers next to station location indicate elevation in meters above sea level.
B-D. Specific sampling sites. Notice the thin snow cover, the result of constant windy conditions.

Table 1

Field data for Kahiltna basin samples.
Sample NLat(®) Long (°) Sample Elevation Geomorphic Geographic Distance downstream from glacier Sample
Name (masl) location location terminus (km) composition
Denali5242 63.079 —151.055 5242 Bedrock flat High Denali slopes granite
Denali4023 63.067 —151.109 4023 Bedrock flat High Denali slopes granite
Denali3535 63.076 —151.135 3535 Bedrock flat High Denali slopes granite
14PH001 63.016 —151.146 2855 Cirque cliff Kahiltna Peaks granite
14PH002 63.015 —151.146 2797 Cirque cliff Kahiltna Peaks granite
14PHO003 63.015 —151.147 2734 Cirque cliff Kahiltna Peaks granite
14PH004 63.016 —151.149 2678 Cirque cliff Kahiltna Peaks granite
14PH005 63.016 —151.151 2594 Cirque cliff Kahiltna Peaks granite
14PH006 63.016 —151.153 2486 Cirque cliff Kahiltna Peaks granite
14PH007 63.017 —151.156 2407 Cirque cliff Kahiltna Peaks granite
14PHO17A 62.820 —151.257 1390 Medial moraine Kahiltna Glacier granite and flysch
14PHO18A 62.824 —151.260 1394 Medial moraine Kahiltna Glacier granite
14PHO19A 62.821 —151.255 1392 Medial moraine Kahiltna Glacier granite and flysch
14PH020A 62.812 —151.249 1369 Medial moraine Kahiltna Glacier flysch and granite
14PHO021A 62.812 —151.247 1377 Medial moraine Kahiltna Glacier flysch
14PHO023A 62.608 —151.282 551 Medial moraine Kahiltna Glacier granite
14PHO024A 62.608 —151.281 559 Medial moraine Kahiltna Glacier granite
14PH025 62.447 —151.166 212 river Kahiltna River 5 sand
14PHO026 62.420 —151.212 213 river Kahiltna River 7 sand
14PH027 62.417 —151.161 213 river Kahiltna River 8 sand
14PH028 62.385 -151.178 217 river Kahiltna River 11 sand
11PHO13 62.363 —151.180 214 river Kahiltna River 14 sand

samples were combined with previously collected and analyzed samples

(Matmon et al., 2020; Fig. 2) to form a 5000-meter elevation profile:

a. Seven samples of mixed clasts collected from bedrock ledges that
range in elevation between 2407 and 2855 masl, above the ELA of
the Kahiltna Glacier (samples 14PH001 to 14PH007 in Matmon

et al., 2020; Fig. 2 and Table 1). The samples lie on the southwestern
flank of a granitic mountain along the east side of the upper Kahiltna
Glacier. The 1°Be concentrations measured in these samples were
interpreted by Matmon et al. (2020) as indicating bedrock erosion of
the adjacent bedrock ledges.
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b. Seven samples of amalgamated clasts collected from medial mo-
raines on the middle to lower Kahiltna Glacier west and south of
Avalanche Spire, below the ELA. Five samples were collected from
elevations ranging between 1377 and 1390 masl (samples 14PH017
to 14PHO21 in Matmon et al., 2020; Fig. 2 and Table 1) and two
samples were collected at elevations of 551 and 559 masl (14PH023
and 14PH024 in Matmon et al., 2020; Fig. 2). Matmon et al. (2020)
interpreted 1°Be concentrations measured in these samples as indi-
cating steady-state bedrock erosion of the slopes adjacent to the
sampled moraines.

c. Five sediment samples were collected from the Kahiltna River
downstream from the glacier terminus (samples 14PH025 to
14PH028 and sample 11PH013; Fig. 2 and Table 1). These samples
were collected at an elevation of ~200 masl and enable us to roughly
evaluate the rate at which slopes adjacent to the sample locations are
eroding.

Samples were prepared for °Be analysis at the Cosmogenic Labo-
ratory of The Hebrew University of Jerusalem following standard pro-
cedures (Matmon et al., 2020; Kohl and Nishiizumi, 1992; Bierman and
Caffee, 2001). All samples were analyzed for their 10Be/Be ratios at the
accelerator mass spectrometry (AMS) facility (ASTER) at Cerege,
Aix-en-Provence, France. Samples were normalized against standard
BeO STD-11 with an average °Be/Be ratio of 6.00353 x 1072,

To provide estimates of discrete bedrock location and slope erosion
rates we consider the measured concentrations as representing steady-
state erosion rates following Lal (1991) and assuming t >> 1/(A+pue):

1

“WEN D) W

&

where P is the production rate (atoms g™ yr'l), N is the measured con-
centration (atoms g'l), u is the absorption coefficient (cm'l), which is
equal to p/A with p being the target’s density (g cm™) and A the
attenuation length (g cm™), ¢ is the erosion rate, and A is the decay
constant of the measured nuclide. A sea level high latitude spallation
production rate of 4.01 atoms g'1 SiO, yr'1 (Borchers et al., 2016) was
used for all calculations. Production rates were scaled for latitude and
altitude following Stone (2000). Muon production values and attenua-
tion lengths are from Granger and Muzikar (2001) and Granger and
Smith (2000). A neutron attenuation length of 165 g cm™ and '°Be decay
constant of 4.99 x 107 yr'1 were used for all calculations (Balco et al.,
2008). We applied a rock density of 2.65 g cm™>. Topographic shielding
corrections were applied only to the seven samples collected from the
Kahiltna Peaks along the upper part of the Kahiltna Glacier cirque
(Matmon et al., 2020). All new and previously studied sample sites are
windswept and we did not see evidence for significant long-term accu-
mulation of snow. Furthermore, there is significantly less snowfall at
high elevation than at more moderate elevations, contributing to the
paucity of snow cover and glacier cover at higher elevations (Loso,
2022). At the time of sample collection, high elevation sampling sites
(>3500 masl) were covered with <20 cm of unpacked snow and snow
shielding was not applied.

3. Results and discussion
3.1. The assumption of steady state

We interpret the measured '°Be concentrations in terms of average
erosion rates to obtain an estimate of the magnitude of erosion and the
pattern of erosion rates in the region. Therefore, it is important to
evaluate how close isotopic concentrations are to steady state. When
considering cosmogenic isotope concentrations in terms of erosion rates
it is assumed that °Be concentrations represent constant, long-term
(generally >10% years) erosion. Generally, this assumption is valid if:
(1) a rock is eroded by a process that removes infinitely thin layers
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continuously, and (2) that a total thickness of at least 2 attenuation
depths of fast neutrons has been eroded. This depth is dependent on the
density of the matter being eroded. In our study area most of the rock
being eroded is composed of granite and metasedimentary rocks, all of
which have a density of 2.6-2.7 g em3 (Haeussler et al., 2017b). At such
densities, the typical depth of attenuation would be ~60 cm (attenua-
tion depth = A/p). At 2 attenuation depths (~120 cm) production de-
creases to 1/e2 of the surface production rate and the majority of
cosmogenic nuclides are within that depth. In other words, once 120 cm
of rock is removed by relatively constant erosion, 1°Be concentrations at
the surface approach steady state (e.g. Kirchner et al., 2001; Glotzbach,
2015; Glotzbach et al., 2016).

We consider four geomorphic settings when discussing steady state:

1) Flat granitic surfaces on high parts of Denali. Here, particularly at the
highest elevations, we observe the granodiorite erodes grain-by-
grain and the resultant grus is slowly removed. Also, limited
freeze-thaw (see subsequent section on meteorological observations)
breaks down larger rock masses into crystal-size grains. These pro-
cesses yield steady-state erosion. Furthermore, at these elevations
and windswept locations, away from glacial cirques, glaciers do not
override rock and there is no glacial erosion.

2) The cliffs of the upper glacial sidewalls. Erosion of the resistant
granitic cliffs in the upper reaches of the Kahiltna Glacier, on the
Kahiltna Peaks — a mountain on the east side of the glacier, occurs
primarily by toppling, rockfall, and slab collapse, as well as by grain-
by-grain erosion (as evidenced by the samples we collected on
bedrock ledges). The concentration of 19Be in sediment from this
setting will depend on the thickness of the slabs and the frequency of
slab detachment. Here, slabs that topple can be several meters in
thickness, periodically exposing fresh rock faces that are not in iso-
topic steady state. Therefore, the erosion rates calculated from '°Be
concentrations measured in samples from the high granitic cliffs are
maximum and must be considered cautiously (Reinhardt et al.,
2007).

3) Slopes along the length of the glacier. For erosion rates between 100-
and 600-mm per ka, typical of high and tectonically active mountain
ranges (e.g. Scherler et al., 2014; Matmon et al., 2009, and references
therein), 2-12 ka are required to remove 120 cm. This time span is
shorter than the time since major post-Last Glacial Maximum
deglaciation of the region. The threshold slope for the friable meta-
sedimentary rocks that compose most of the slopes along the length
of the glacier is ~20° (Ward et al., 2012), and erosion occurs through
physical weathering of small grains and clast and shallow landslides.
As long as these processes are dominant, °Be concentrations will
reflect the actual long-term average erosion rate (Reinhardt et al.,
2007). Therefore, at high erosion rates typical of tectonically active
mountain ranges, such as the Alaska Range, we assume that at least
120 cm of rock have been eroded since deglaciation, and that °Be
concentrations approach steady state. The approach to steady state,
as opposed to the actual achievement of steady state, results in
overestimated erosion rates and requires a correction. Glotzbach
et al. (2014) model this correction and show that for deglaciation
that occurred 10-15 ka and post-glaciation erosion rates that range
between 100 and 600 mm/Kka, corrected erosion rates remain at the
hundreds of millimeters per thousand years magnitude.

4) Glacial outwash. Sediment from the entire glacial basin is mixed
within the Kahiltna River. This includes sediment from the very high
slopes, the headwalls of cirques, sediment from slopes along the
glacier, and sediment eroded from the base of the glacier, which has
not been exposed to cosmic radiation. Therefore, the assumption of
steady state is problematic. Nevertheless, the very low °Be con-
centrations measured in all these samples indicate that erosion of
slopes along the outwash river provide low-dosed '°Be sediment to
the river and erosion of the slopes must be operating at rates of 100 s
of mm/ka.
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Although we combine, and compare, several types of samples from
different geomorphic settings in which different erosional processes
influence their '°Be concentrations, all samples provide an estimate of
the rate of surface processes in their vicinity and can be interpreted
broadly as indicating the rate of erosion.

3.2. Erosion at high elevations (3-5 km) on the Denali massif

10Be concentrations in samples collected from granitic surfaces at
high elevations of Denali (n = 3) are 948 x 10°+42 x 10° atoms g
quartz (3500 masl), 1628 x 103457 x 10° atoms g"1 quartz (4000 masl),
and 17,593 x 10°+445 x 10° atoms g'1 quartz (5200 masl; Fig. 4 and
Table 2). These concentrations are distinctively higher than those
measured in the Kahiltna Peaks sidewall cliffs, Kahiltna Glacier moraine
and Kahiltna River sediment samples. 1°Be concentrations of the three
high-elevation samples show an increase with elevation. This increase is
in part the result of the increase in cosmogenic nuclide production rate
with elevation. However, this increase is apparent even after scaling
these rates to sea level high latitude production rates, which results in
erosion rate decrease with elevation. Erosion rates are calculated to 38.0
+ 5.0 mm/ka at 3500 masl, 28.6 & 3.7 mm/ka at 4000 masl km, and 4.6
+ 0.6 mm/ka at 5200 masl (Fig. 4 and Table 2). These rates are similar to
those measured on flat summits of the Appalachian Mountains (mean
erosion rate 5.7 mm/ka (n = 9); Hancock and Kirwan, 2007) and on
summits in several ranges in western North America (maximum mean
erosion rate of 7.6 + 3.9 mm/ka; Small et al., 1997). The similarity
between erosion rates of summits of an ancient (Paleozoic) orogen
(Appalachian Mountains), a Mesozoic-Cenozoic orogen (Rocky Moun-
tains), and a presently active orogen (Alaska Range) is compelling given
that their glacial history and current climates are vastly different. While
these similarities may be spurious, it is possible that regardless of con-
ditions (climate, rock type, and topography) all summits eventually
approach steady-state erosion at relatively low rates. We follow Griffiths
(1952), and suggest that: “in this tectonically active part of the Alaska
Range, where we would expect faster erosion, the nearly perpetual freezing
conditions of the high summits contribute to the slow erosion rates “ (Griffiths,
1952).

3.3. Erosion on the sidewalls of the Kahiltna Glacier

The 1°Be concentrations on the sidewalls of the upper Kahiltna
Glacier are one to two orders of magnitude lower than those measured
on the higher surfaces (Fig. 4). 1°Be concentrations in samples collected
from the Kahiltna Peaks (n = 7) range between 41.1 x 10°+4.0 x 10°
and 140.4 x 10°+7.5 x 10° atoms g! quartz (Fig. 4 and Table 2) with an
average of 78.8 x 10%+2.1 x 10° atoms g"1 quartz. Here, the granitic
mountains erode in two major modes: 1) continuous surface erosion that
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produces sediment composed of sand and gravel. These particles contain
the maximum possible concentration of cosmogenic nuclides and
represent the continuous erosion of the exposed granitic surfaces, 2)
toppling, rockfall, and slab collapse that produce massive piles of sedi-
ment composed of particles ranging in size from sand to boulders. The
accumulation of cosmogenic nuclides in these particles ranges between
the maximum possible to essentially zero. Sediment from both processes
mix later in the medial moraine.

Each of the seven samples collected from the 500-m-tall sidewalls of
the granitic Kahiltna Peaks near the head of the Kahiltna Glacier (above
the ELA) represents a mix of grains that were detached from the exposed
surface of the rock above the sample elevation. Measured concentrations
in the seven samples collected from the granitic Kahiltna Peaks yielded
erosion rates between 89 and 481 mm/ka, depending on the attributed
shielding factor (Table 2; Matmon et al., 2020). Apart from one result,
all calculations show high erosion rates, on the order of 10? mm/ka,
typical for tectonically active regions of high mountainous relief (e.g.
Matmon et al., 2009 and references therein; Matmon and Zilberman,
2017). These results show a dramatic increase in erosion rates as
elevation decreases into the zone affected by glacial activity.

3.4. Medial moraine - upper glacier

The five samples collected from medial and lateral moraines at ele-
vations that range between 1369 and 1394 masl yielded '°Be concen-
trations between 8.9 x 10°+1.2 x 10% and 47.5 x 10°+5.0 x 10° atoms
g'1 quartz (Fig. 4 and Table 2) with an average of 25.3 x 10%42.6 x 10°
atoms g™ quartz. These concentrations are similar to those measured by
Ward and Anderson (2011) on the medial moraines of glaciers in the
nearby Kichatna Mountains.

10Be concentration in the samples collected from medial moraines in
the upper part of the glacier are distinctively and significantly lower
than those measured from the sidewalls of the Kahiltna Glacier or from
the high surfaces on Denali (Table 2 and Fig. 4). This indicates that
sediment produced from high elevations, with high '°Be concentrations,
is not a significant component of the sedimentary volume in the medial
moraines. Other sources, with much lower '°Be concentrations, must
supply the majority of the sediment to the medial moraine and dilute the
concentration of sediment from the mountainsides. As discussed in
Matmon et al. (2020), a major source for low-dosed sediment are the
mountainside slopes adjacent to the medial moraines. These slopes less
steep than those at higher terrains and are mostly underlain by softer
low-grade metasedimentary rock. The generation of sediment from
these slopes with a concentration of ~25,000 atoms g™ quartz, which is
the average '°Be concentration of the five samples collected from medial
moraines at the upper part of the glacier, requires erosion rates of about
300 mm/ka. The interpretation of the measured '°Be concentrations in

® High elevation samples
5 Cirque cliffs
Moraine

River

Elevation (km asl)

0 200 400 600 800 1000
€ (mm ka) B

Fig. 4. Cosmogenic isotope results. A. 1°Be concentrations vs. elevation. Inset graph shows a close-up on the concentrations vs. elevation of all samples below 2.8 km.
B. Steady state erosion rates (calculated from '°Be concentrations) vs. elevation. Notice that although erosion rates in the cirque cliffs, medial moraines and alluvial
samples are similar (100 s of mm/ka), the range of rates increases with the decrease in sample elevation.
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Table 2
Laboratory data and erosion rates for Kahiltna basin samples.
Sample Geomorphic Geographic Quartz Be 10Be/°Be 10Be (10°  Scaling 10ge Scaling 10ge Scaling 10ge
Name location location (gr) carrier (x1071%) atoms gr’ factor” erosion factor** erosion factor*** erosion
(mg) 1) rate (mm rate (mm rate (mm
ka™)* kal)** ka™)*
Denali5242 Bedrock flat High Denali 10.052 0.2688 9844.23 17,593 + 34.67 4.6 + 0.6
slopes +152.46 445
Denali4023 Bedrock flat High Denali 10.041 0.2604 939.03 1627.5 + 19.17 28.6 +
slopes +26.66 56.5 3.7
Denali3535  Bedrock flat High Denali 10.014 0.2576 551.41 948.0 + 14.65 38.0 +
slopes +21.5 41.5 5.0
14PHO01 Cirque cliff Kahiltna 12.221 0.18 142.61 140.38 + 9.77 178.3 + 4.90 89.0 + 9.77 178.3 +
Peaks +7.06 7.50 23.9 119 23.9
14PHO002 Cirque cliff Kahiltna 12.362 0.266 63.39 91.16 + 9.44 265.3 + 4.73 132.5 + 8.75 254.9 +
Peaks +3.42 5.24 35.9 18.0 33.3
14PHO003 Cirque cliff Kahiltna 10.984 0.2562 69.25 107.95 + 9.03 2141 + 4.52 106.9 + 7.73 193.3 +
Peaks +4.29 7.02 29.7 14.9 25.5
14PHO004 Cirque cliff Kahiltna 11.735 0.2646 44.91 67.67 £ 8.74 330.9 + 4.38 165.3 + 6.71 254.0 +
Peaks +3.15 4.93 47.2 23.6 36.2
14PHO005 Cirque cliff Kahiltna 14.144 0.2548 37.04 44.59 + 8.24 473.7 £ 4.13 236.7 + 5.69 326.9 +
Peaks +2.68 3.35 68.1 34.0 47.0
14PHO06 Cirque cliff Kahiltna 10.561 0.252 25.77 41.10 £ 7.71 481.0 + 3.86 240.3 + 4.67 291.1 £
Peaks +2.47 4.02 75.4 37.7 45.7
14PHO07 Cirque cliff Kahiltna 10.756 0.191 49.46 58.70 + 7.30 3185 + 3.65 159.1 + 3.65 159.1 +
Peaks +3.95 4.83 47.0 23.5 23.5
14PHO17A moraine Kahiltna 8.909 0.2548 24.86 47.52 £ 3.47 187.0 +
Glacier +2.58 5.03 30.3
14PHO18A moraine Kahiltna 12.49 0.172 26.68 24.55 + 3.48 363.4 +
Glacier +2.92 2.73 60.2
14PHO19A moraine Kahiltna 9.313 0.252 9.38 16.96 + 3.47 524.5 +
Glacier +2.10 3.82 134.5
14PHO20A moraine Kahiltna 12.812 0.212 25.68 28.40 = 3.42 308.0 £
Glacier +9.75 10.79 123.1
14PHO21A moraine Kahiltna 23.632 0.2618 12.20 8.88 + 3.44 994.0 +
Glacier +1.59 1.2 180.0
14PHO23A moraine Kahiltna 11.013 0.17 25.48 26.29 + 1.72 167.0 +
Glacier +3.48 3.62 30.9
14PHO024A moraine Kahiltna 11.267 0.2576 10.79 16.48 + 1.73 268.7 +
Glacier +1.56 2.41 51.3
14PHO025 river Kahiltna 12.705 0.252 8.27 10.96 + 1.24 290.7 +
River +1.60 2.13 66.8
14PH026 river Kahiltna 10.509 0.266 6.20 10.49 + 1.24 303.6 +
River +1.54 2.62 84.6
14PHO027 river Kahiltna 11.526 0.2772 2.36 3.79 + 1.24 840.2 +
River +1.26 2.03 460.6
14PHO028 river Kahiltna 14.179 0.2576 4.67 5.671.87 1.26 567.6 +
River +1.54 200.0
11PHO13 river Kahiltna 18.782 0.212 18.50 13.96 + 1.25 228.9 +
River +3.20 2.43 48.8

" Scaling factor for cirque cliff samples calculated assuming no shielding. Scaling factor for river samples considering sample elevation. Erosion rates calculated

considering the corresponding scaling factors.

" Scaling factor for cirque cliff samples calculated assuming infinite vertical cliff. Erosion rates calculated considering the corresponding scaling factors.
""" Scaling factor for cirque cliff samples calculated assuming no shielding at the top most sample and linearly increasing the shielding to the lower most sample

where an infinite vertical cliff is assumed.

#All calculations using a sea-level high-latitude production rate by spallation of 4.01 atoms/g/yr (Borchers et al., 2016).

terms of steady-state erosion of the adjacent slopes yields rates that
range between 187431 and 994+180 mm/ka (Table 2). These rates are
rapid but reasonable for tectonically active mountainous regions with
high relief (Matmon et al., 2009, and references therein), and especially
with soft and friable underlying rock.

Furthermore, of the five samples collected and measured from the
upper medial moraines, sample 14PH021 has the shortest distance to its
source and it yielded the lowest °Be concentration of the five samples.
As it was collected only 1 km downstream of its source area, the °Be
concentration measured in sample 14PH021 (8.9 x 10°+1.2 x 10°
atoms gl quartz) reflects the erosion of the lowest-elevation slopes
adjacent to the glacier. The rate of slope erosion required to supply
sediment to the moraine with °Be concentration of ~9000 atoms g™
quartz, similar to that measured in sample 14PH021, is nearly 1000
mm/ka. This result is consistent with our understanding that at low
enough elevations (in the case of the Kahiltna Glacier, it is below 2800

m) under the erosional influence of the glacier, erosion rates increase
dramatically relative to the high surfaces on Denali and the upper
sidewalls of the Kahitna Glacier.

Overall, the majority of sediment supplied to the medial moraines is
derived from two sources: 1) granitic peaks at the head of the Kahiltna
Glacier that erode by the infrequent collapse of slabs and continuous
erosion of the granitic surfaces, and 2) the lower slopes, around the ELA
elevation, which erode at 100 s of millimeters per thousand years and
supply material to lateral moraines that become medial moraines
downslope. Regardless of the relative contribution of these two sources
to the morainal material, °Be concentrations indicate both sources
erode at 100 s of mm/ka.

3.5. Medial moraine - lower glacier

Similar erosion rates were obtained from the samples collected down
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glacier (Fig. 4 and Table 2). The sedimentary cover on top of the ice
increases and the supply of sediment from the slopes adjacent to the
glacier is directly observed. The two medial moraine samples (14PH023
and 14PH024) from the lower glacier, collected at elevations of 551 and
559 masl, yielded '°Be concentrations of 26.3 x 10%+3.6 x 10 and 16.5
x 10%+2.4 x 10° atoms g quartz (Table 2). The average concentration
in the moraine samples from the lower part of the glacier
(14PH023-14PH024; 21.4 x 10%+2.2 x 10° atoms g quartz) is
somewhat less, but similar within error, to the average concentration of
the moraine samples from the upper part of the glacier (samples
14PHO17 to 14PH021; 25.3 x 10%+2.6 x 10° atoms g"1 quartz). This
implies that sediment transport down glacier is rapid enough that there
is insignificant accumulation of cosmogenic nuclides in exposed medial
moraine material. If we use the Kahiltna Glacier velocity from near the
ELA of ~300 m yr'1 (Goodwin et al., 2012), it would take ice 80-100
years to transit the 27 km from the location of the highest elevation
medial moraine samples to the location of the lower medial moraine
samples. This short transit time does not enable significant dosing. The
slight decrease in 1°Be concentrations down glacier implies the addition
of slope material that erodes faster than along the upper parts of the
glacier and is dosed at a lower production rate (due to decreasing
elevation). The additional material added to medial moraines from the
nearby slopes must be added with a dose of ~20,000 atoms g quartz.
We calculate the range of erosion rates that would yield sediment with
10Be concentration of 20,000 atoms g™ quartz of the slopes adjacent to
the path of the glacier. We consider the elevation of the high medial
moraine samples (~1400 masl) and the elevation of the glacier terminus
(~250 masl). We, therefore, estimate the erosion rates of the
low-elevation slopes above the lower part of the glacier to range be-
tween 300 and 140 mm/ka. The interpretation of the measured '°Be
concentrations in terms of steady state erosion of the adjacent slopes
yields rates that range between 167431 and 269+51 mm/ka (Table 2).
As in the case of the upper part of the glacier, slopes surrounding the
glacier erode at rates of hundreds of millimeters per thousand years.

Ward et al. (2012) discuss the influence of rock type on glacial
erosion. Their discussion is relevant to the subject of our paper in the
underlying idea that friable and fractured rock (such as the metasedi-
mentary rocks in the southern Alaska Range) erodes quickly, loses mass,
and produces voluminous sediment, whereas resistant granitic rock
erodes slowly, maintains steep cliffs and relief, and does not produce
much sediment. They reached this conclusion through morphometric
analyses of the glacial valley. We note that rocks exposed in their study
area are the same rock units found along much of the Kahiltna Glacier.
The difference in erodibility of the various rock types supports our
interpretation that the majority of the sediment in the medial moraine is
derived from the areas in the catchment that are underlain by meta-
sedimentary rocks and not from the high granitic cliffs. We reach this
same conclusion from a totally different dataset by comparing the high
10Be concentrations measured in the granitic samples at high elevations
relative to the low concentrations measured in the medial moraine
material.

3.6. River sediment (downstream of the glacier terminus)

River sediment samples yield the lowest !°Be concentrations among
the four sample groups (Table 2). '°Be concentrations in Kahiltna River
sediment samples (n = 5; 14PH025-14PH028 and 11PH013) range be-
tween 5.7 x 10°+£2.4 x 10 and 14 x 103+2.4 x 10° atoms g'1 quartz
(Table 2) with an average of 9 x 10%£1.0 x 10° atoms g'1 quartz. These
values are lower than those measured in the medial moraines and
indicate that medial moraine material must be mixed with low-dosed
material from a different source. The possibilities for the source of
such low-dosed material are the low elevation slopes on both sides of the
Kahiltna River and material that was eroded from the base of the glacier.
For material derived from slopes, we calculate the range of possible
slope erosion rates by considering the elevation of the of the alluvial
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samples (~215 masl). If the low-dosed sediment was derived from these
low-elevation slopes, erosion rates of the low-elevation slopes above the
Kahiltna River would range between 230 and 840 mm/ka. If all material
were to be derived from the base of the glacier, we assume that °Be
concentrations would have approached zero.

3.7. Temperature, elevation, and freeze-thaw cycles

We consider the role of temperature on erosion processes at high
elevations. We utilized meteorological data available at six elevations
within the Kahiltna catchment along the West Buttress climbing route on
Denali: 2130 masl (7000 feet — Denali ‘base camp’), 3050 masl (10,017
ft), 4330 masl (14,200 ft — *basin camp’ or ’14 camp’), 4940 masl
(16,200 ft - ‘top of the headwall’), and 5240 masl (17,200 feet — ‘high
camp’), and 5715 masl (18,750 feet — above ‘Denali Pass’; Figs. 2,3 and
5). It is challenging to collect meteorological data from these locations,
and the time series is discontinuous and variable between the five sites.
Data for the 2130 masl (7000 ft) and 4330 masl (14,200 ft) sites are
available from University of Utah Mesowest website (mesowest.utah.
edu) and the data starts 31 May 2018 and extends to the present. The
data from the 4940 masl (16,200 ft) and 5240 masl (17,200 ft) sites are
from Yoshikawa (2014) and span about one year. The 4940 masl data
start 11 July 2016 and end 30 June 2017. The 5240 masl data span from
29 June 2016 to 11 February 2017. Data for the 5715 masl (18,750 foot)
site are from Hartl (2020b) and span much of the decade from 1990 to
2000 and then roughly 3 years of data between 2002 and 2006. The data
show that the temperature rarely exceed freezing at 4330 masl (only
briefly warming above freezing for 1 to several hours on 45 unique days
out of 1132 day record at the 4330 masl camp), and it almost never (3
times in one year) exceeds freezing at 4940 masl. To underscore these
observations, meteorological analysis of the NCEP-NCAR reanalysis 1
dataset (Kalnay et al., 2018) for the 1948-2018 period shows the tem-
perature at the 500 hPa elevation (~5.5 km at mid latitudes), or near the
summit of Denali is never above freezing (Hartl et al., 2020a).

3.8. Differential erosion and the growth of relief

Overall, the compilation of the above data shows that in the Denali
massif-Kahiltna Glacier-Kahiltna River system, the highest elevation
surfaces erode at 5-40 mm/ka. These slopes are almost entirely
composed of resistant granitic rock and are almost always frozen (Figs. 2
and 5). At lower elevation, within a zone influenced by glacial activity,
erosion increases dramatically to 100 s of mm/ka. This is true for: 1) the
granitic sidewalls of the Kahiltna Glacier and may be explained by the
steep topography, and the action of ice and snow on the cirque walls,
and 2) for the gentler side slopes along the length of the glacier and the
outwash river downstream from the glacier terminus. This may be
explained by the friable bedrock and the intense freeze-thaw action at
low elevations.

Of all cirque cliff, moraine, and alluvial samples, only one sample
yielded an erosion rate lower than 100 mm/ka (sample 14PHO001;
scaling factor of 4.9; erosion rate = 89 mm/ka; Table 2). All other
samples (n = 18) yielded erosion rates that ranges between 133 mm/ka
and 994 mm/ka. All calculated rates are high and typical of tectonically
active mountain ranges. As weathering and mass wasting along the
mountain slopes is likely episodic and variable, we argue that the large
range in calculated erosion rates does not reflect continuous processes.
Rather, it is the result of the episodic nature of weathering and erosion in
this landscape. Because these high erosion rates are averaged over a very
short time (low 10° yrs) the calculated erosion rate of each sample may
be controlled by specific mass-wasting events and change rapidly both in
time and space. However, all results point to erosion operating at rates
faster than 100 s of mm/ka (Fig. 4). In contrast, the samples from high
elevations (3-5 km) all yielded erosion rates lower than 40 mm/ka.

Based on bedrock apatite fission-track data (Fitzgerald et al., 1995),
rock uplift is occurring at a rate of 1.5 km/my, thus 1000 m of rock uplift
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Fig. 5. Temperature data (in °C) at six elevations along the West Buttress climbing route: A. 5715 m (18,750 feet — ‘Denali Pass’; Hartl, 2020). B. 2130 m (7000 feet —

Denali ‘base camp’; (mesowest.utah.edu)), 3050 m (10,017 feet), 4330 m (14,200 ft —

*basin camp’ or *14 camp’; (mesowest.utah.edu), 4940 m (16,200 ft — ‘top of

the headwall’; Yoshikawa (2014), and 5240 m (17,200 feet — ‘high camp’; Yoshikawa (2014). Data for the 2130 m (7000 ft) and 4330 m (14,200 ft) sites starts 31
May 2018 and extends to the present. The data from the 4940 m (16,200 ft) and 5240 m (17,200 ft) sites spans about one year. Data for the 18,750 foot site spans
much of the decade from 1990 to 2000 and then roughly 3 years of data between 2002 and 2006. Overall, the data show that the temperature rarely exceeds freezing
at 4330 m (the 14,200 foot camp), and it almost never (3 times in one year) exceeds freezing at 4940 m.

can occur in <700,000 yrs. However, a majority of this rock uplift is
balanced by erosion in the lower parts of the drainage system such that
surface uplift is minimal, while rock uplift and surface uplift in the
higher parts of the drainage system are nearly equal due to very low
erosion rates. Considering the difference in erosion rates between the
high (5-38 mm ka!) and low (133-994 mm ka'!) elevations, relief of
1000 m could be produced during a period of 1-10 Ma. This time range
agrees well with an estimated increase in rock uplift and exhumation on
Denali over the last ~6 Ma from thermochronology data (Fitzgerald
et al., 1995).

Four factors combine along the southern side of the Alaska Range to
result in high elevation, differential erosion, and an increase of relief
over time: 1) Tectonics. Without the active Denali fault system advecting
rock into and through a restraining bend, high topography would not
exist. However, if tectonics were the only factor in producing topog-
raphy, we would expect a gradual rise in topography from the lower
mountains of the Alaska Range to the highest elevations and back down
again, as rocks are moved through the bend in the fault system.
Anderson (1990) showed this for the Santa Cruz Mountains of California
traveling through a bend in the San Andreas system. Also, Lease et al.
(2016) demonstrated from detrital thermochronology that rocks are
transported through the bend in the Denali fault system, and that the
bend’s location is fixed. Benowitz et al. (2021) reached the same

conclusion based on physical models. 2) Rock type. The high elevation
slopes are composed of resistant granodiorite, with a low fracture den-
sity, steep slopes, and presumably a high rock strength. In contrast,
lower elevation slopes are underlain by highly fractured metasedi-
mentary rock, with high fracture density, lower slopes, and a lower rock
strength. 3) High elevation climate versus low elevation climate. Our
10Be data show that erosion rates above 3000 m are significantly slower
than below 3000 m. This is consistent with the meterological data
showing that it is uncommon to be above freezing at 4330 m. Rock
weathering processes - particularly frost-cracking - are controlled by
temperature (e.g. Walder and Hallet, 1985, 1986). Anderson (1998),
using empirical data, found the ‘frost-cracking window’ lies between
—3° and —8 °C, which promotes higher porosity, growth of ice lenses,
and thus rock damage. Rempel et al. (2016) showed both the decreasing
effects of frost-cracking with depth in bedrock at lower mean-annual
temperatures (MAT), but also showed that larger MAT amplitude in-
creases frost cracking. Nonetheless, at high elevations on Denali, tem-
peratures below the frost-cracking window prevail and thus frost
cracking has limited efficiency, whereas at lower elevations frost
weathering can occur vigorously.

Glaciers are also far more erosive at lower and warmer elevations.
Griffiths (1952) noted the lack of high-elevation cirques above 16,000 ft
(or 4877 m), which argues for little glacial erosion high on the
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mountain. At lower elevations, the action of glacial activity, starting
with the erosion in the glacial cirque through the abrasive power of the
glacier while it flows down valley, promote erosion along the margins of
the glacier. Our °Be data indicate erosion rates between 175 and 1000
mm/ka, consistent with rapid erosion where glaciers slide at their base
and can remove material. 4) Morphology. Steep morphology of the
cirque walls promotes slab detachment and increased weathering. In the
Kahiltna catchment, these factors combine in a way that amplifies dif-
ferential erosion and increases relief. Given the combination of the
active tectonic driver of the Denali fault that advects material into the
bend of the fault system with extremely low erosion rates (controlled by
high rock strength and continuous temperatures below the
frost-cracking window), results in the disproportionately high topog-
raphy and relief of Denali, and the adjacent peaks of Mounts Foraker and
Hunter.

The high Himalayan mountains are another place on Earth where it
is perennially below freezing, where there is reduced erosion, and where
there is a tectonic driver for topography to continue to grow. Lavé et al.
(2023) recently found evidence for a 23 km? landslide in 1190 CE from
the Annapurna massif, which was sourced from a paleosummit of the
8000+ m mountain. They speculated that, “...once a mountain peak
passes over the zone in which rock mass is permanently frozen and the in-
tensity of frost cracking decreases substantially, the frozen conditions provide
enhanced protection against surface erosion. This may even initiate a positive
feedback...”(Lave et al., 2023, pg. 100). This idea is supported by our
10Be data from Denali. Their study also portends that megalandslides are
the only possible mechanism for reducing topography of summits that
become too high since “normal” erosion does not operate at these high
elevations.

4. Conclusions

We combined new and previously published °Be concentrations to
form a 5000-meter elevation transect that shows an inverse relationship
between erosion rates and elevation. This inverse relationship promotes
the growth of relief with time. The samples that were analyzed include:
1) three new gravel samples between 3500 and 5200 masl from sites
unaffected by recent glacial erosion, 2) previously published samples
from a sidewall of the Kahiltna Glacier from 2400 to 2800 masl, 3)
previously published samples from medial moraines along the length of
the Kahiltna Glacier, from ~500 to 1400 masl, and 4) previously pub-
lished alluvial samples along the Kahiltna River at an elevation of ~200
masl. Erosion rates for the three new high-elevation samples are
remarkably low (~5-40 mm/ka) and are 1-2 orders of magnitude
slower than those measured on cliffs around the glacial cirque, on
medial moraines, and in river sediments below the glacier. Meteoro-
logical data from high elevations on Denali show that temperature rarely
exceeds freezing above 4300 masl, indicating that frost weathering plays
a minimal role in erosion at the highest elevations.

The differences in erosion rates can create relief of 1 km within 1-10
Ma, well within the estimated period of increase in rock uplift on Denali
over the last ~6 Ma. The low '°Be concentrations of low elevation
samples from the Kahiltna Glacier and Kahiltna River show that high-
elevation erosion is a negligible contributor to the overall sediment
budget of the catchment. These data from Denali show the combined
influence of climate (manifested by glacial erosion above vs. below
glacial cirques, and by freeze-thaw cycles), rock strength, and topog-
raphy on the development of relief in a tectonically active mountain
range.
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