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ABSTRACT

Cosmogenic®Cl/Cl ratios measured from glacially eroded bedrock provide the first quan-
titative constraints on the magnitude, rate, and spatial distribution of glacial erosion over the
last glacial cycle. Of 23¢CI/Cl ratios, 8 yield exposure ages that predate the well-constrained
deglaciation of the Puget Lowland, Washington, and are inferred to result froniéCl inherited
from prior exposure during the last interglaciation where ice did not erode enough rock
(~1.80—2.95 m) to rese¥CI/Cl ratios to background levels. Surfaces possessing inherité&Cl
evidently were abraded only 0.25-1.06 m, corresponding to abrasion rates of 0.09—0.35 ym™.
These results indicate that in the absence of glacial quarrying, the Cordilleran ice sheet may
have abraded as little as 1-2 m of bedrock near its equilibrium-line altitude over the last glacial
cycle, equating to only tens of meters over the entire Quaternary.

INTRODUCTION Where independent age control constrains the timing of surface expo-

Although many researchers have discussed the glacial origin of stesse following a given geomorphic event, such as a glacididhconcen-
and-lee topography (e.g., Jahns, 1943; Hallet, 1979), only Jahns (1943)rations that are higher than expected can be inferred to A@itatherited
tempted to determine quantitative estimates of glacial erosion by usingfim prior exposure, presumably attributable to a lack of sufficient glacial ero-
foliation patterns in granitic domes that were differentially eroded by tsien to remove the surface rock in whié@l accumulated prior to glaciation.
Laurentide ice sheet during the last glaciation. Jahns’s study provided sbimger such circumstances, it is possible to constrain the magnitude of glacial
general constraints regarding differential erosion of stoss-and-lee featwerssion, provided that postglacial erosion rates are known or negligible and
but the relative importance of glacial quarrying vs. abrasion, as well asttiepreglacial exposure history of the geomorphic surface is inferred correctly.
magnitude and rate of erosion by continental ice sheets, is essentially un-
known (Sugden et al., 1992; Hallet, 1996). RESEARCH MOTIVATION AND DESIGN

Over the past decade, cosmogenic nuclides3le,}®Be,2INe, 25A, The advance and retreat of the Cordilleran ice sheet during the last
and3¢Cl) have been used successfully as geochronometers on a varie(ifraier) glaciation in the northern Puget Lowland are well delimited between
geologic surfaces (Nishiizumi et al., 1989; Zreda et al., 1991). Researcharsl8 to 15 (calendar) ka (Stuiver and Reimer, 1993; Bard et al., 1993) by
have also used these nuclides to address a number of erosion problemsni@ngerous“C ages from organic material that underlies, is found within, and
Liu et al., 1994, 1996). As a result, the complexities of each isotopic sysiverlies Fraser glacial deposits (Clague et al., 1988; Swanson, 1994). Swan-
have become better understood. The multiple production pathw§@l of son (1994) sampled more than 60 glacial-erratic boulders and abraded
make it particularly useful for addressing geomorphic problems relatedéarock surfaces (mean surface age 15.2 + 0.7 [calendar] ka) in the northern

non-quartz-bearing rocks. Puget Lowland in an effort to calibrate 8€! production rates. In this study,
two anomalously old%Cl model ages of 32.8 + 1.6 and 33.2 + 1% ka
COSMOGENIC 3%CI PRODUCTION (the term®Cl or 36Cl ka is used to describe surface exposure ages based on

Cosmogenié®Cl is produced at the Earth’s surface through four difhe 36Cl isotopic system and is calibrated to #€ chronology of the
ferent reaction pathways (Fabryka-Martin, 1988). Two involve spallogenieglaciation history of the northern Puget Sound region, Washington) were
reactions witF% and4°Ca, another involves thermal neutron activation afbtained from abraded surfaces near the summit of Mount Erie, a large stoss-
35Cl, and a fourth involves muon capture?8ga, which only accounts for and-lee landform located in the northern Puget Lowland (Fig. 1A). These ex-
up to 9% of totaPCl production for calcic rocks (Stone et al., 1996). Faressive®®Cl model ages are attributed to inherité@l atoms that accumu-
various rock compositions in which production ranged from purely spallated prior to the last glaciation and were preserved owing to minimal glacial
genic to purely thermal neutron activation, production vs. depth profil®sion of the upper ~2—3 m of rock. This initial finding motivated us to assess
were calculated by Liu et al. (1994) using a calculated attenuation lengtthefmagnitude, rate, and spatial distribution of glacial erosion on this stoss-
170 + 13 g cm2 The depth at which spallogesfEI/Cl ratios is equal to and-lee landform by using tR&CI method. To complete these objectives, we
background ratios (three attenuation lengths) is ~2 m. Extrapolating froave used the modifiéfCI production rates of Swanson (1994), which were
Liu et al.’s (1994) thermal neutron depth profiles through the use of an eadibrated in the same general location as the Mount Erie samples; conse-
ponential decrease in production below 1082 we calculate that ~3 m quently, error associated with incorrect latitudinal scaling factors and time in-
is the depth at which the thermally produé&ei/Cl ratio is equal to accel- tegrated paleomagnetic field intensity changes is minor. Moreover, indepen-
erator mass spectrometry (AMS) background levels. dent dating control for this calibration location is very well constrained.

Mount Erie (388 m altitude) is ~300 m higher than the surrounding
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! . Figure 1. A: Map of Puget
44 - YA Lowland showing Mount
Erie in relation to maxi-
mum extent of Puget lobe
during Fraser glaciation
(modified from Booth,
1986). B: Plan view of
summit region of Mount
Erie showing sample local-
ities. Samples 1-6 are from
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at and near summit; 7-9
and 11 are from abraded
lee surfaces; 12 and 13
were taken from quarried
lee surfaces; and 14-25 are
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was approximately at the equilibrium line where ice attained a thicknessi@f lengths, or 183 cm (Fig. 2). For a sample wiiéGkproduction results
1200-1500 m and basal ice velocities we580 mr yr-1 (Booth, 1986). entirely from thermal neutron activation, the depth at wlfeH pro-
The mountain is a stoss-and-lee landform with a steep south- to southveksttion is less than or equal to measurement error is ~2.95 m (Fig. 2).
facing lee slope and a gently dipping. north- to northeast-facing stoss sitipese depths were calculated for each of our samples and range from 1.89
(Fig. 1, B and C). Signs of abrasion on stoss sides of these features includier a sample with 92% spallogenically produéggl to 2.37 m for a
striae, polish, and grooves; evidence of quarrying is seen in 1-2-m-high sample with only 50% spallogenically produéé@l (Table 1). From these
tical lee surfaces. The lee side exhibits a stepped topography with “riseedtulated depths it is possible to determine constraints on the magnitudes
ranging from 5 to 10 m (Fig. 1C). The pattern and spatial distributionafferosion, which are minimums for samples without inheffed (i.e.,
abrasion and quarrying are clear and tend to be strongly linked with wage of deglaciation) and maximums for the eight samples that contain
northwest-trending fracture patterns. inherited®6CI (Table 1).

We collected 25 rock samples from the upper 1 cm of glacially abraded, Depths of erosion are calculated for samples possessing inféited
polished, and quarried surfaces along a stoss-to-lee transect (Fig. 1, B ariy@jsing a spreadsheet program that mo@€lsconcentration vs. depth
For most of our samples, correction for topographic shielding was <18ger time. The model uses depth-profile data from Liu et al. (1994) and
Abundant polished and striated surfaces indicate that Mount Erie has uraEsumes an exponential decreas€@h production for the thermal com-
gone negligible weathering since deglaciation. Chlorine was extracted frpoment below 100 gcm 2 If a conservative postglacial erosion rate of
rock samples by using a wet-chemical technique modified from Zreda etahm- k.y—1is used, the concentration €I required to yield the age of
(1991).36CI/ClI ratios were measured by AMS at the Lawrence Livermodeglaciation is calculated for each sample by usingf@igroduction rates
National Laboratory, Livermore, California. Major and trace elements warESwanson (1994) and latitudinal and altitudinal scaling factors reported by
measured using standard geological methods. Lal (1991). The inherited componen8El concentration at deglaciation is

36C| ages range from the timing of deglaciation to 37%l)(Table 1; determined by subtracting the calcula®é@l (with the assumption of
see Appendix 4for a complete list of major element compositions). Eight5 [calendar] k.y. of production and decay since deglaciation) from the
samples predate deglaciation (15 [calendar] ka) by at least¥®Ily({3c  measured®Cl concentrations (Table 1).
above the mean and individual sample error) and are inferred to contain in- Two assumptions are necessary to calculate the magnitude of glacial
herited preglaciafCl in addition to36Cl that has accumulated sinceerosion for those surfaces possessing inhefi@dFirst, it is assumed that

deglaciation, thereby yielding older exposure ages. the preglacial erosion rate at the summit of Mount Erie was the same as the
postglacial erosion rate. Palynological data indicate that climatic conditions
CONSTRAINTS ON GLACIAL EROSION during stage 3 were slightly cooler than at present in the Puget Lowland

To constrain magnitudes of erosion, it is necessary to determine(thansen and Easterbrook, 1974). Second, the starting po#iCtaiccu-
depth at whicR8CI production is less than or equal todnalytical uncer- mulation of inherited samples is inferred to be ca. 70 ka, near the start of the
tainty (~5%). For Mount Erie’s gabbro (density of 2:8g1?), the depth Possession deglaciation (marine oxygen isotope stage 4) when the Puget
equal to one attenuation length is ~61 cm. For a sample W#@isero-  lobe of the Cordilleran ice sheet terminated south of Mount Erie (Clague
duction results entirely from spallation reactions, the amoutfCbforo- et al., 1992). Itis unlikely that much, if any, inheri®é@! would exist from
duced is equal to or less than the measurement error at about three attdrauibast interglaciation (stage 5) because only a small proportion of our
samples (one-third) contain inherifé@l today. Furthermore, the upglacier

1Data Repository item 9807, Appendix 1, is available on request from Dodligration of quarried surfaces during successive glaciations would ulti-
ments Secretary, GSA, P.O. Box 9140, Boulder, CO 80301. mately result in little preservation of inherité&€!. Consequently, ice cover
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TABLE 1. *Cl MEASUREMENTS AND EROSION DATA FOR A STOSS-TO-LEE TRANSECT ON MT. ERIE, WASHINGTON
Calculated age % of *Cl % spallogenic  Min depth of erosion  Max depth of erosion Modeled erosion Modeled abrasion

Sample  *Cl/ClI ratio*

Erosion rate (mm/yr)

no. (X10") *Cly inherited® (m; P =5%) (m; P = 5%)** min max depth (cm)™ rate (mm/yr)
1 283 £8.63 114 = 08  -31.58 87.6 1.94 £ 0.09 0.65 +0.03

2 223+6.18 136 + 092 -10.29 80.1 2.03 £0.08 0.68 £0.03

3 208 +5.7 142 = 1.10 -5.63 745 2.09 £ 0.11 0.70 £ 0.04

4 154 £2.99 17.1 = 1.10 12.28 67.7 2.17 £0.10 0.72 £0.03

5 155+4.57 139 + 1.03 -791 72.0 2.12 £0.10 0.71 £0.03

6 596 £2.89 129 + 088  -16.28 92.3 1.89 £0.10 0.63 £0.03

7 233+7.86 265 + 2.09 43.40 66.1 2.1910.10 0.73 £0.03 84.0 £3.81 0.28 £0.01
8 314 £6.15 332 + 248 54.82 69.4 2.15+0.12 0.72 £0.04 38.0+£2.10 0.13+0.01
9 275 £5.31 36.8 + 2.37 59.24 64.2 221 £0.10 0.74 +£0.03 5501249 0.18 £0.01
10 no Clextracted

11 232+8.34 19 £ 1.54 21.05 73.6 2.10 £ 0.08 0.70 £0.03

12 103+£2.93 14 = 1.18 -7.14 62.5 223 £0.10 0.74 £0.03

13 196 £9.5 141 + 1.18 -6.38 79.9 2.03 £0.11 0.68 £0.04

14 155 £3.77 17.1 £ 1.27 12.28 67.0 2.18 £ 0.08 0.73 £0.03

15 323%11 37 + 274 59.46 727 2.1110.11 0.70 £0.04 26.5£1.33 0.09 £0.00
16 155£4.12 16.1 £ 1.70 6.83 66.9 2.18 £0.09 0.73 £0.03

17 257692 23 £+ 0.74 34.78 65.9 2.1910.18 0.73 £0.06 87.0 £6.98 0.29+0.02
18 443+11.8 29.6 + 243 49.32 73.6 2.10+£0.01 0.70 £0.00 72.510.38 0.24 £ 0.00
19 431795 325 + 2.06 53.85 78.5 2.0520.11 0.68 £0.04 62.5 2345 0211001
20 435116 194 = 129 22.68 87.7 1.94 £ 0.09 0.65 +0.03

21 113+£3.35 185 £ 129 18.92 50.1 237 £0.10 0.79 £0.03

22 no Cl extracted

23 187£56 203 = 1.72 26.11 70.1 2.14 £0.09 0.71 £0.03 106 £4.27 0.3510.01
24 383+9.89 17.7 + 046 15.25 90.0 1.92 £0.11 0.64 £0.04

25 181 +4.38 159 + 038 5.66 73.3 2.11 £0.12 0.70 £0.04

**CY/C] ratios + AMS uncertainty measured at Lawrence Livermore National Laboratory, Livermore, California.

"Reported error of calculated ages includes AMS and total Cl uncertainty.

Precentage of inherited *Cl equals the measured concentration minus the modeled concentration at deglaciation.

*Minimum depth of erosion can be calculated for those samples for which the measured *Cl concentrations yield deglaciation ages. P is **Cl production
**Maximum depth of erosion can be calculated for samples with inherited *Cl. P is *Cl production

"Reported uncertainty includes AMS and total Cl error (geologic uncertainties are discussed in text).

over this region during the last two glaciations would likely have erodefowed to accumulate from the starting point (ca. 70 ka) to the onset of
enough rock to remow&Cl inherited from the last interglaciation. glaciation at Mount Erie (ca. 18 ka); then they decay without further accu-
The magnitude of glacial erosion can be obtained for each samplerwfation during the ca. 3 (calendar) k.y. the ice sheet shielded Mount Erie.
modeling the’®Cl concentration vs. depth that would exist at the time @fs shown in Figure 3, the depth of erosion equals that point on the depth
deglaciation. To determine this modeled depth protfi€] atoms are profile that corresponds to the calculated inhefetlatoms.
Eight samples containing inherité¥CI indicate magnitudes of ero-

Normalized Chlorine-36 production sion that range from 26.5 to 106 cm. These values reflect abrasion rates that

o s v 18 2 range from 0.09-0.35 mnyr-1(Table 1) for ~3 (calendar) k.y. of ice cover,
>
T Modeled 36C1 Atoms (x100)
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100 [} 4 N } — b —
150 1 - ’,,"'
— ' or i Depth of
E --: 7 glacial erosion
_g . ~ 5% ERROR (range 1.80-2.95 m) , 7
g' 250 41 0T :':
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Figure 2. Normalized 36Cl production vs. depth profiles for 100% spal- 00 L

lation of 39K and 4°Ca and for 100% thermal neutron activation of ~ 36Cl.

Best-fit exponential decay curve is used for thermal neutron activation
profile to extend curve beyond measured data of Liu et al. (1994). As
result of accelerator mass spectrometry (AMS) uncertainty, measured
36CI concentrations cannot be detected at depths beyond where pro-
duction is <5% of surface production. This AMS uncertainty (~5%)
equates to depths of 1.80 and 2.95 m for 100% spallation and 100%
thermal neutron activation samples, respectively.
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Figure 3. Modeled 36CI concentration vs. depth profile for sample 7
at onset of deglaciation. Spallogenic (66%) and thermal neutron
activation (34%) production curves add up to total production
curve. Point on profile that corresponds to inherited concentration
(measured concentration [column 2 in Table 1] minus modeled
concentration at deglaciation [ca. 15 calendar ka]) represents
depth of glacial erosion during ~3 (calendar) k.y. of ice cover.



which means as little as 3—-20 m of abrasion on Mount Erie during #fert period of ice cover, or under cold-based ice). The inheritance of
Quaternary. Samples without inherif®@! only provide minimum con- cosmogenic nuclides may therefore be significant and must be considered
straints of glacial erosion and exceed 1.89 m (Table 1). Microtopographiten estimating ages of glacially eroded bedrock.

features on Mount Erie show where quarrying was the dominant erosion
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