Quantifying the magnitude and spatial variability of bedrock erosion beneath <,
the Sisters Glacier, Washington using cosmogenic *He concentrations
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Introduction

Cirque glaciers are common in temperate mountains around the world, and thereby a dominant
agent of erosion in these high mountain settings (e.g., Anderson, 1978; Larsen and Mangerud,
1981; National Snow and Ice Data Center, 2017). The processes and rates of this erosion, however,
are not well-understood (Koppes et al., 2015). Current understanding of cirque-glacial erosion
rates and mechanisms is limited. Published values for cirque-glacial erosion rates are rare and
highly variable (0.008-10 mm/yr), and mostly rely on indirect estimates from sediment volumes
(e.g., Sanders et al., 2013; Herman et al., 2015) or theoretical models (Iverson, 2012); Anderson,
2014). He cosmogenic nuclide analyses provide a tool to infer cirque-glacial erosion depths at a

relatively high spatial resolution (Briner and Swanson, 1998: Crest et al., 2017). *"He accumulates

in bedrock exposed at the surface as a result of cosmic ray bombardment. The concentration of
cosmogenic “He increases with exposure time as well as proximity to the surface (Gosse and

Phillips, 2001). With an independent estimate of surface exposure age, cosmogenic “He

concentrations can be used to infer erosion depths on glaciated bedrock surfaces (Figure 1). The
spatial variability of erosion can be used to infer mechanisms of erosion. Spatially variable
erosion indicates a plucking-dominant environment, whereas spatially consistent and decreasing
downslope indicates an abrasion-dominated environment (Figure 2).
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Figure 1: Cartoon cross-section schematic showing how cosmogenic *He measurements are used to calculate glacial erosion depth with a known
surface exposure age in the Twin Sisters. In the early Holocene, cosmic rays produce cosmogenic *He in bedrock at a consistent rate. Production
decreases with depth. In the late Holocene, the overriding glacier blocks cosmic rays and erodes away at bedrock with accumulated cosmogenic *He. At
present, cosmogenic *He concentrations (N) are measured in bedrock samples and depth of glacial erosion (d) is calculated with the equation shown,

where L is attenuation length (a physical constant), p is rock density, P is production rate of cosmogenic *He, and ¢ is period of exposure time.

Study Location

The Sisters Glacier is located in the Twin Sisters Range, North Cascades, Washington and is
composed entirely of ultramafic dunite (~93% olivine) bedrock (Christensen, 1971; Figure 3). The
range is part of the North Cascades, which extend from central Washington State wo southwestern
British Colubmia. The Twin Sisters Range is an ideal location for this type of study because
cosmogenic “He is produced rapidly in olivine and can be measured after relatively short periods of

surface exposure (<1,000 years; Kurz and Brook, 1994). Detailed Holocene glacial chronologies from
nearby Mount Baker indicate that the Holocene forefield of the Sisters Glacier was likely exposed
around 11,000 years ago following Pleistocene deglaciation, exposed to cosmic rays for 9,000 years,
and then covered by Neoglacial ice for 2,000 years until the last century (Figure 1, Clague et al,,
1997; Kovanen and Easterbrook, 2001; Menounos et al., 2009; Osborn et al., 2012). This detailed
proxy record of Holocene glacier extents for the Sisters Glacier provides a crucial constraint on
timing of Holocene glaciation necessary to estimate rates of erosion beneath the glacier.

Figure 2: Cartoon cross-sections of theoretical mechanisms of glacial erosion. Plucking (a) is a Figure 3: Location of Twin Sisters Range

process where glacial ice removes large blocks of rock all at once (usually taking advantage of within the state of Washington. Green

existing fractures), and abrasion (b) is a process where small grains embedded in the base of shaded area shows extent of dunite body,

the glacier scrape at the bedrock surface. and study area shown in grey circle.
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Figure 4: Lidar hillshade of Sisters Glacier, mapped Neoglacial maximum, glacial flutes, and lowland and forefield

sample locations.

Methods

e Field mapping, lidar data, and aerial imagery were to identify bedrock fractures,
glacial fluting, historic glacial extents, and terminal moraines in the forefield of the
Sisters Glacier: used to establish the Holocene maximum glacial extent (Figure 4).
e Bedrock samples were collected along glacial flow-line transects in the forefield
(Figure 4), and cosmogenic "He concentrations were measured in these samples to
estimate Holocene cirque-glacial erosion depths.
* Cosmogenic *He was measured in several "lowland" sites outside the extent of
Holocene glaciation to test if warm-based Pleistocene glaciation eroded enough
material to remove cosmogenic *He from prior exposure (Figure 4).
e Standard crushing methods to remove mantle-sourced *He were not successful in
dunite rock; we thus calculated cosmogenic component based on *He/*He ratios in

shielded samples (1.8-2.8 R,) collected from a nearby quarry (Figure 5).

Figure 5: Lidar hillshade of Sisters
Glacier, study area, and quarry location.
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Figure 6 (left): "He/*He scatter plot of exposed samples results processed at two different
grain size fractions. Figure 7 (right): He/*He scatter plot of shielded samples from quarry.

Results and Conclusions

We were unable to remove mantle-sourced *He from our samples with

conventional crushing methods; analyzing different grain size fractions
of several exposed samples had no significant effect on °He

concentrations (Figure 6). However, all shielded samples showed air-
normalized He/*He ratios of 1.69-3.72 R,, with an average of 2.3 R,

(r°=0.89, Figure 7). Our analyses of lowland samples show two

exposure ages older than expected, two younger, and two approximately
consistent with late-Pleistocene deglaciation (Figure 8). This suggests
that Pleistocene deglaciation did not remove all cosmogenic *He from

prior exposure in all samples, and that some samples had unaccounted
for shielding. However, similar cosmogenic inheritance is unlikely in
forefield samples because none of the samples have model exposure ages
older than 11,000 yrs. Our analyses of forefield samples show decreasing
model exposure ages (10,500-0 yrs) and concomitant increasing depths
of erosion (0.15-146 cm) with proximity to the modern glacier (Figure
9). Patterns in erosion rates are less clear due to larger uncertainties, but
potentially show increasing rates of subglacial erosion (0.001-0.7 mm/
yr) with proximity to the modern glacier (Figure 9). The relatively low
magnitudes and consistent patterns of erosion suggest that abrasion
and/or small plucking events (centimeters to decimeters) are the
dominant mechanisms of erosion underneath the Sisters Glacier.

@ Maximum Age (yrs)
@ Mean Age (yrs)

@ Minimum Age (yrs)
® Omitted Samples

+7 Max. Neoglacial Extent
X4

T3s8 1
7
9,5007%-3500

T3S7
+3,400
9.600382
T3S6 il
+
© c00012

T3S5

-~
- "R

- -
il .“
-

@ 430038

Re Y Max. Neoglacial Extent

Maximum Depth (cm) y
@ Mean Depth (cm)
* ,

@ Minimum Depth (cm) o Ny

® Omitted Samples

Maximum Rate (mm/yr) [ =

@ Maximum Age

-~
- - .

- -
= ~ .
-

‘\
T2SI TIS8 “*

q . Minimum Rate (mm/yr)

Re Y Max.N eoglacial Extent

@ Mean Rate (mm/yr)

® Omitted Samples

T3S8

® 0.051%%

- s
©0.001 “5073

T3S6

-~
- -,

- -
= \.~
-

-
T251 “8e 7 Yy
+0.91 TIS8 g
® 0447733 . 0024707
-~ |
T252 Jasii il . CTNT
® 0429793 -
® 1253 TIS6
® 0248793

®T254
®TISS

@ Mean Age

Minimum Age
LL5
+2,700

® Omitted Samples
-2,600

55007233 @ 350075
-, ®T2S6
635+|900 . 3’0001&’00
2 -1000
.T|3S(3>00+"°°° T257
’ -700 4
@ 320015 2 400 4%
TISI
@ 1352 97258
0%
N
T T — TGS A
Dsta: USGS Mt. Baker Lidar 2016 | 0 75 150 300
12000
- All Data: ’ ®T158
10000 _ ’
y=14.84x + 26.08 1357 Ticg
RZ - 059 ¢
)
= 8000 Outliers Removed: - ="
o y=20.76x - 1125 - _-"
":C:D R*=0.86 ' I .~ jl'156
o 6000 1356 _ -~ _
z T3S5 L .~ I
T, - ,,' .
o _—F ' @T1S7 @T251
u>j 4000 T2 - - ET]'S?’ ’
Sévam Rl
2000 . T L
) i’r333
N
0 100 200 300 400 500 600
Distance from Glacier (m)

358 40.2* 4% +9.05
®4.56'33 252 i i
TIS7
. 38.6*7
T357 TIS6
0.151"!42 kit 2238
971254
T3S6 ®TISS
.20.9 f;‘} ® 7255
®TIS4
T3S5
23172
® 1256
T2S7 £
. 474 269 ‘TI S426 1_.212/,}
B2 ® 1258
®13%
_:_Metersl
USGS Mt. Baker Li 01 0 75 150 300
200
180 - -
All Data: ,'
160 y=-0.2003 + 1134 ,
— ®T3S1  TIS2 R*=051
£ 140
L Outliers Removed: .
= 120 - y=-0.2545x + 124.0 -
a R?=0.62 '
Q 100
A 100 ~T ]
o 80 T3S3 = <
5 -~ - T e
L

60 e
§T3s4
40 T257

0 100 200

}1‘133\ )

- \I\ ®T1S7 }TZSl/'

OTS5  gT3se Nt iT{SG -----

®T357 ®T358- gT158

300 400 500 600

Distance from Glacier (m)

#0.123%8 ®T255
®TIS4
®0.1112%, ® 05119z
138y o 971256
>0.700 #0243
. T3S3 b
0.385%%; T257 57
5 ® 0226355 g o5
87352 @ 7258
o115
[ e EEEEGE
ata: USGS Mt. Baker Lidar 2018 0 75 150 300
1.2
All Data: /
y=-0.0006x + 0.5013 I'
1 ~ R?=10.20 /
— Outliers Removed: K
= o y=-0.0011x + 0.5875 .~
g 05 R= 0.48 '
c ®T3S1  @TIS2
v
= 0.6 i
Oé {TlSB gl
wv U4 - - —tu, N s
é T3S3 e T
L - L
~ T3S4 ST -~ L _@T1S6
0.2 T257 Tt -- o
@T3s5  @T3S6
T3S
0 @ 1357 §'3-8 @®T1S8
0 100 200 300 400 500 600

Distance from Glacier (m)

O 21,50
+2,200

LL4
-2,100

O 18,70
LL3

+1,300
O | |,90 -1,200
o +800 LLI
7,80 -800 13.80 +1,300
O O ’ -1,250
I ®
LL2 LL7

LL8

8,000*!8%

N

Meters ‘
[Dsta: USGS Mt. Baker Lidar 2016 | 0 45 90 180

Figure 9: Results of forefield analyses showing exposure ages (a), erosion depths (b), and erosion rates (c). Map view shows uncertainties related to snow shielding, period of glaciation, and mantle *He/*He ratio. Plots show values relative to distance from the modern glacier,

with uncertainties related to mantle *He/*He ratio only. Trendlines and r-squared values are shown with and without outliers (circled in plot).
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Figure 8: Lowland sample sites and exposure ages, including uncertainties related to
snow shielding and *He/*He ratios. Omitted analyses rejected based on high “He

concentrations.
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