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The 36ClI dating method is increasingly being used to determine
the surface-exposure history of Quaternary landforms. Production
rates for the 35Cl isotopic system, a critical component of the dat-
ing method, have now been refined using the well-constrained
radiocarbon-based deglaciation history of Whidbey and Fidalgo Is-
lands, Washington. The calculated total production rates due to
calcium and potassium are 91 +5 atoms 36CI (g Ca)~! yr-! and
are 228 + 18 atoms 38Cl (g K)~1 yr—1, respectively. The calculated
ground-level secondary neutron production rate in air, P¢(0), in-
ferred from thermal neutron absorption by 3°Cl is 762 + 28 neutrons
(g air)~1 yr-1 for samples with low water content (1-2 wt.%). Neu-
tron absorption by serpentinized harzburgite samples of the same
exposure age, having higher water content (8-12 wt.%), is ~40%
greater relative to that for dry samples. These data suggest that
existing models do not adequately describe thermalization and cap-
ture of neutrons for hydrous rock samples. Calculated 36Cl ages
of samples collected from the surfaces of a well-dated dacite flow
(10,600-12,800 cal yr B.P.) and three disparate deglaciated localities
are consistent with close limiting calibrated 14C ages, thereby sup-
porting the validity of our 38Cl production rates integrated over the
last ~15,500 cal yr between latitudes of 46.5° and 51°N. Although
our production rates are internally consistent and yield reasonable
exposure ages for other localities, there nevertheless are signifi-
cant differences between these production rates and those of other
investigators.  © 2001 University of Washington.

KeyWords: 36Clproduction rates; cosmogenic isotopes; deglacia-
tion; Cordilleran Ice Sheet.

INTRODUCTION

Chlorine-36 is one of several cosmogenic isotopes {fBg,

riety of geologic processes and physical parameters, producti
rates being a primary example of the latter. Errors in productic
rates can translate into significant errors in derived ages.

The nuclear processes that produce cosmogé@idn rocks
are spallation, neutron capture, and muon capture. The first tv
processes dominate production on the land surface; muon p
duction in Ca and K becomes more important with increasin
depth (Rama and Honda, 1961). The decay of radioactive U al
Th also gives rise to the production$LCI, via neutron capture
(Bentleyet al,, 1986). This subsurfacéCl, generally in secular
equilibrium, can be subtracted from the total accelerator ma:
spectrometry (AMS)—-measuréfCl to determine the cosmo-
genic component (Phillipst al,, 1986). The production rate of
cosmogenié®Cl in bedrock and regolith exposed at Earth’s sur
face is dependentonits calcium, potassium, and chloride conte
and can be expressed by the equation

P = v¥ca(Cea) + ¥k (Ck) + ¥n(o35N3s/ ZaiN;),

whereyk andyc, are the total production rates (including pro-
duction due to slow negative muons)3€I due to potassium
and calcium, respectively;Gand G, are the elemental concen-
trations of potassium and calcium, respectively; gnds the
thermal neutron capture rate, which is dependent on the fracti
of neutrons stopped BYCl (o35 N3s/ X oiN;), as determined by
the effective cross sections ¥l (o35) and all other absorbing
elements Eo) and their respective abundanceg{Mnd N).
The work reported here was originally motivated by the initia
findings of Swansoat al.(1992).2Cl exposure ages of samples
collected from deglaciated surfaces (i.e., ground moraine bot
ders and glacially abraded bedrock) in the northern Puget Sou

261, 3He, and?INe) that are being used successfully to detefégion of Washington were 20-40% older than calibrafi

mine exposure histories for a diverse assemblage of Quaterr@@§S bracketing the time of deglaciation for this region. Swansc
landforms (reviewed by Cerling and Craig, 1994). The accuragal- (1992) concluded that the scaled production rates of Zrec
of the results obtained using this method are dependent on a®e@l- (1991) may have underestimated production for the san

ples collected in the Puget Lowland.

Supplementary data from this article (Tables AL and A2 in the Appendix) are Zredaet al. (1991) were the first to calculate time-integratec

available on IDEAL (http://www.idealibrary.com).
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TABLE 1
36Cl Production Rate Calibration Studies

Altitude Exposure age Production rate
Study Location (m) Latitude (Boyr) (atoms®Cl gt yr1)

Total production rate due to Ca [atorfCI (g Cay ™t yr—1]

This study Puget Lowland, WA 10-140 47.5-43\4 155 91+5
Phillips et al. (1996) Varies 20-2578 20-38 3-55 725+5
Stoneet al. (1996) Tabernacle Hill, UT 1445 388 17.3 536+ 1.8
Zreda (1994) Varies 20-2578 2080 3-55 725+5

Total production rate due to K [atordéCl (g K) 1 yr=1]

This study Puget Lowland, WA 10-140 47.5-43\ 15.5 228+ 18
Phillips et al. (1996) Varies 20-2578 20-88 3-55 154+ 10
Evanset al. (1997) Sierra Nevada, CA; Scotland 3000-3600; 520 °N3&8°N 13.1;11.6 170t 27
Evanset al. (1997) Antarctica 2000-2200 78 steady state 2449

Zreda (1994) Varies 20-2578 2080 3-55 193+ 20

Secondary neutron production rate [neutron (g &igr—1]

This study Puget Lowland, WA 10-140 47.5-48\4 155 762+ 28
Phillips et al. (1996) Varies 20-2578 20-88 3-55 586+ 40

2 Production rate scaled to sea level and high geographic latitu6e ).

geomorphic surfaces (Table 1). Since then, several other stuThe experimental work reported here includes both the actu
dies have undertaken the formidable task of determining pretermination of production rates and their subsequent valid
duction rates. The interpretation of many cosmogéft mea- tion. The production rates were determined using 50 calibratic
surements is directly dependent on the accuracy of productsemples collected from northern Puget Lowland. The valide
rates. Accordingly, in the last decade many studies have bdiem set consists of 23 samples collected from a late Pleistoce
completed to assess production rates over diverse geograplicite flow in southwestern British Columbia and three dis
and geologic settings (Table 1). parate deglaciated localities in northern Washington and sout
The lack of consistency between the various production rates British Columbia. The dacite flow and the three deglaciatio
reflects the numerous physical and geological processes affémtalities are dated by limitingfC ages.
ing the production of®Cl. To some extent, a direct comparison
of production rates is difficult, as these studies were conducted
at different locations. A direct comparison is only possible after

compensating or scaling for altitude and latitude. In some StU-Rock samples were collected from moraine boulders ar

dies, the samples used to calculate a single production rate v %ially abraded bedrock on Whidbey and Fidalgo Island:
were not co!lected from the same geographic sett_ing (el .ashington (Fig. 1). The sampling strategy maximized bot
tude and altitude) and were also integrated over different ex%%{mple size and lithologic diversity. The islands were selecte

sure histories. Finally, there is uncertainty regarding the validi% calibration locations for this study for following reasons.
of the independent chronology used to establish the baseline ex-

posure age of the calibration surface in some of the productionl. Numerous“C ages have been obtained for organic mat
studies. ter beneath, within, and above the Vashon Till member of th
The well-dated retreat history of the Cordilleran Ice Sheétraser Drift. Deglaciation of the islands occurred shortly befor
from the northern Puget Sound region of northwester8,4704+ 90 and 13,096 90 “C yr B.P., based oA*C ages
Washington £15,500 cal yr B.P.) provides an exceptional opef glacialmarine drift directly overlying Vashon till and organic
portunity to develop a set of production rates for the m#jGt  sediments deposited in postglacial lakes (Fig. 2 and Table :
production pathways. Because all of the calibration sampl&€kese ages correspond to 16,275 (16,122) 15966 and 15,7
were collected from a closely limited geographic setting€47 (15,578) 15,391 cal yr B.P., respectively (Stuie¢al., 1998).
48N and near sea level), the effects of latitude and altitude vari-The calibrated*C age uncertainty for glacialmarine shells
ation require little scaling, thereby eliminating one source d@fcludes only the AMS and calibration uncertainty and likely
uncertainty. Furthermore, because all the samples were exposederestimates the actual age uncertainty, the greatest sourc
about 15,500 cal yr B.P. at sites relatively close toNblatitude, which is probably related to the reservoir effect for shell age
the effect of secular variation in geomagnetic field strength iis this region. Radiocarbon ages of gyttja and glacialmarin
minor for the calibration samples. shells collected from a site in the north-central Puget Lowlan

METHODOLOGY
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FIG.1. Map of Whidbey and Fidalgo Islands showing localities where samples were obtained for the calibréfi@rpodduction parameters. Abbreviations
correspond to sample names listed in Table 3 and Appendix (Supplementary Data). Insetindex map of northwestern Washington and southw€sikrmBidtish
shows the maximum extent of the Cordilleran Ice Sheet during the Vashon Stade of the Fraser Glaciation. Glacier contours (m), shown as dasldegtetes,
from Thorson (1980).
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FIG. 2. Time—distance diagram showing the chronology of advance and retreat of the Cordilleran Ice Sheet into the Puget and Fraser Lowlands as co
by close limiting!“C ages. Thé*C ages used to construct this chronology are taken from Table 2. A 48Gyeservoir effect was assumed for glacialmarine
drift shell ages (shown as open diamonds).

indicate that the reservoir effect may Be&50 yr (Anundsen related autochthonous overlap sequences and plutons that
etal, 1994). However*C ages of wood and glacialmarine shellgine individual terrane boundaries (Brandon, 1989). The dive
from a postglacial section near Deming, Washington, imply thsity in target composition permits the independent solution c
the reservoir effect may be closer to 1000 yr (Table 2). The dia-particular production parameter (i.e., spallation reactions f
crepancy between these two sites may reflect local differendéésand Ca or thermal activation 6PCl), and minimizes the
in the mixing of upwelling marine water and glacial meltwateuncertainty due to*®Cl produced via the other production
Furthermore, the Deming region was deglaciated 800—1000pathways.
later than the central Puget Sound region, @ production 3. The study region has been relatively stable since deglaci
may have been lower at the time that the overlying glacialmaritien. Tectonic offset of Late Pleistocene strata has been detec
shell unit was being deposited (J. Southon, personal commuini-only a few sites around the Puget Lowland (e.g., Bucknat
cation, 1997). Here, we assume a reservoir effect of 400 yr fetral, 1992; Thorson, 1993). Postglacial uplift along local fault:
the calibration region. is inferred to be<10 m. Such displacement requires no alti-
2. The lithologic diversity of the deposits and bedrockude correction in calculatingfCl production rates. Although
provides a correspondingly diverse target composition for tip@stglacial isostatic uplift was considerably greater than vertic
production of3¢Cl. The accumulation area of the Puget Lobgectonic offset, it likely occurred mainly as restrained reboun:
lay in southwestern British Columbia and northwester{Thorson, 1989; Dethieet al., 1995) and has had a minimal
Washington (Booth, 1991). The bedrock geology of this reffect on®¢Cl production.
gion consists of allochthonous terranes that were accreted t@. Bracketing'“C ages indicate that the retreat of the Puge
western North America throughout the Cenozoic, as well &sbe was rapid across the study area (Porter and Swans:
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TABLE 2

Selected Radiocarbon Dates Constraining the Last Advance—Retreat Cycle of the Cordilleran Ice Sheet into the Puget Lowland,
Washington, and Fraser Lowland, British Columbia

Laboratory Aget 1o Age Latitude Longitude Location
number tcyrB.P) (calyr B.PY Sample material °N] [°W] name Source
Sub-Vashon till samples (British Columbia)
GSC-4335 16000+ 180 19,086 (18,876) 18,685 Spruce wood °ERI 121°48.2 Allison Pool Clagueet al. (1988)
GSC-4363 16100+ 150 19,168 (18,975)18,802 Spruce wood °m1 121°48.2 Allison Pool Claugeet al. (1988)
Sub-Vashon till samples (Washington)
W-1305 15100+ 300 18,330 (18,020)17,692 Detrital wood °87.5 12219.8 Seattle Mullineawset al. (1965)
Beta-112019 1890+ 70  17,915(17,799)17,687 Detrital wood °87.0 122°11.8 Bellevue K. Troost, pers. comm. (1998)
QL-4620 14570+ 60 17,544 (17,437)17,331 Detrital wood °82.6 122°01.8 Issaquah delta Porter and Swanson (1998)
CAMS-23177 14550+70 17,541 (17,426)17,312 Detrital wood °82.6 122°01.8 Issaquah delta Porter and Swanson (1998)
CAMS-23176 14480+70 17,463 (17,347)17,331 Detrital wood °82.6 122°01.8 lIssaquah delta Porter and Swanson (1998)
CAMS-23175 14600+90 17,611 (17,481)17,352 Detrital wood °82.6 122°01.8 Issaquah delta Porter and Swanson (1998)
CAMS-23171 14580+ 70 17,573 (17,459)17,346 Detrital wood °82.6 122°01.8 Issaquah delta Porter and Swanson (1998)
CAMS-23170 14620+ 100 17,643 (17,503)17,365 Detrital wood °32.6 122°01.8 Issaquah delta Porter and Swanson (1998)
CAMS-23160 14450+90 17,446 (17,313)17,182 Detrital wood °82.6 122°01.8 lIssaquah delta porter and Swanson (1998)
Post-Vashon till samples (Washington)

QL-4069 13700+ 100 16,577 (16,422) 16,264 Freshwater gyttja °48/3 122°31.3 Lake Carpenter Anundseat al. (1994)
QL-1517 13430+ 200 16,349 (16,068) 15,771 Organic clay °38 12217  Lake Washington Leopoldt al. (1982)
Beta-1319 1350+ 350 16,802 (16,358) 15,878 Glacialmarine shells °587 122232 Oak Harbor Dethieet al. (1995)
Beta-1716 1300+ 150 16,507 (16,294) 16,074 Glacialmarine shells °148 12242  Oak Harbor Dethieet al. (1995)
AA-10077 13470+90 16,275(16,122) 15,966 Glacialmarine shells °58/  122°43  Basalt Point This study
QL-4608 12260+ 60 15,962 (15,830) 15,697 Glacialmarine shells °58 122232 Double Bluff This study
PC-01 13230+90 15,951 (15,787) 15,618 Glacialmarine shells °48 122242  Penn Cove This study

(UWAMS)
PC-02 13090+ 90 15,750 (15,578) 15,391 Glacialmarine shells 48 12242  Penn Cove This study

(UWAMS)
AA-22198 12380+90 15,370 (15,012) 14,655 Branch in basal peat °488 12207  Nooksak River, WA  Kovanen and Easterbrook

(2001)
AA-27076 12596+90 14,480 (14,304) 14,115 Branch in basal peat °488 12207  Nooksak River, WA  Kovanen and Easterbrook
(2001)

GSC-3306 11900+ 120 13,700 (13,380) 14,060 Branch inlake muds°0495 121°41.4 Fraser Lowland, B.C. Claguet al.(1997)

a Calibrated™*C age calculations based on Stuie¢al. (1998).

1998). The average retreat rate likely exceeded 300 Th yr Sampled boulders had diameters.5 m; boulders this large
(Porter and Swanson, 1998). Accordingly, we infer thaffi@ likely have not moved since deposition (Fig. 3). Many fine-
ages for the entire study region represent broadly synchron@igined lithologies (i.e., metavolcanic, chert, quartzite, argillite

exposure ages encompassing less thaf0 yr of transgressive have retained glacial striations, indicating little postdeposition:
northerly retreat. surface erosion. Grooves preserved on some bedrock surfa

(e.g., arkosic sandstone, granite, and quartzite) show that t

rate of surface erosion due to chemical and mechanical wea

ering processes has been low for most of the calibration sampl
Samples were chipped from the center of the top surface(®ig. 4). Spalling on the sides of some erratic boulders likel

boulders using a sledge hammer and mason'’s chisel. Where figselated to forest fires and was qualitatively evaluated in th

sible, less than 1 cm of the boulder’s uppermost surface was cstlidy.

lected to minimize scaling for depth-dependent complexities of

36Cl production (Liuet al., 1994). Samples were collected only, .

: : L . Chemical Analyses

from relatively flat surfaces<15°) to minimize corrections for

effects of surface geometry; these corrections for partial shield-Major elemental composition of rock samples was determine

ing are less than 0.4% for all samples. Because the ice shegiX-ray fluorescence (XRF) spectrometry, with an analytica

overrode much of its bedrock source region, most erratics excacertainty of<2% and a detection limit of 0.01%. Analyses for

vated from the accumulation area were transported subglaciddlyron and gadolinium (having large cross-section areas for ne

and are inferred to have been shielded from cosmic ray expostimns) concentrations were measured by prompt gamma em

until deglaciation. sion spectrometry, with an analytical uncertainty<d% and a

Sample Collection
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detection limit of 0.5 ppm. Uranium and thorium contents wer
determined by neutron activation, with an analytical uncertaint
of <2% and a detection limit of 0.5 ppm. Chemical analyse
were performed by XRAL laboratories (Don Mills, Ontario,
Canada). Total chlorine content was determined by combin
tionion-selective electrode using modified procedures discuss
by Aruscavage and Campbell (1983). Five or more replicate
of each sample were measured to attain an analytical unc
tainty of <5%. For low chloride concentrations:{5 ppm), up
to 25 replicates of each sample were run to attain an uncertair
of <5%.

Sample Preparation and AMS Isotopic AnalysiS®f

To extract Cl from silicate rock in a form suitable for accele-
rator mass spectrometry measurement, a wet chemical techni
was used (Swanson, 1994), modified from a procedure outling
by Zredaet al. (1991).

The samples were analyzed f6€1 by accelerator mass spec-
trometry on a tandem Van de Graaf accelerator in the Cent
for Accelerator Mass Spectrometry (CAMS) at the Lawrenc
Livermore National Laboratory, Livermore, California (Davis

FIG. 3. Most of the erratics used for calibration purposes in this stud§t al, 1990). Analytical uncertainties €) of the AMS mea-
have diameters of 1.5 m and lie on relatively flat surfaces. This greenstonsurements were typically 2—-5%.
erratic (sample site JB-1; Fig. 1) is10 m high and was transported sub-
glacially >50 km from its source on Mt. Erie, Fidalgo Island. Glacial grooveg€ gnsistency of Results

and striations are preserved on the upper surface of this erratic, as shown o ] ]
in this photograph. A person is shown for scale at the bottom of the photo- The validity of the results was assessed using two independe

graph. data sets. Samples collected in the northern Puget Lowland h

FIG. 4. Glacial grooves and striations are preserved on the bedrock surfaces of many of the more resistant lithologies, such as this quartzite near L
Pass, Washington. Chisel (chisel is parallel to ice flow direction) and hammer provide scale.
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appropriate target element concentrations to serve as productient group. Individual production rate values were entered in
rate calibration samples. Additional samples were collected a@#LOE and solved minimizing the difference between calcu
measured from the calibration area to assess the internal consited ages and the independent age of the calibration locati
tency of the production rates. To assess the applicability of thel5,500 cal yr). CHLOE treats production #iCl using the
derived production rates to different geographic locations anéutron production and diffusion model developed by ifial.
exposure histories, we sampletf@-dated dacite flow (10,600— (1994). In this modeil,, depends on the chemical composition
12,800 cal yr B.P.) near Squamish, British Columbia, and threéeach sample, so for the purpose of calibration we solved fi
deglacial localities: the southernmost and oldest were near the ground-level secondary neutron production rate in gi0)P
terminal limits of the Puget and Okanogan lobes in WashingtoFhis parameter is independent of sample composition but vari
and the youngest and northernmost were in the Interior Platesith altitude and latitude like an isotope production rate. Onc
region of British Columbia. These surfaces are independendglibrated, it can be used to determibgfor any sample compo-

dated by limiting'*C ages. sition (Liu et al,, 1994). Erosion rates entered in CHLOE range
between 0.10 and 0.25 cm @¢r)~1. These values were based
36C| Production Rate Calculations on field observations for the surface characteristics of boulde

and abraded bedrock (i.e., presence or absence of striations

Calibration samples were divided into three groups based ofy. ¢ ;¢ quartz veins)

target element concentrations so that the three prinéfigl
production pathways¥ca, Wk, and¥,) could be solved in-
dividually. Chemical and isotopic data for the calibration sam- RESULTS AND DISCUSSION

ples are shown in Table Al of Appendix (Supplementary Data).

Sample locations, shielding and scaling factors, and geologicThe first target element group consisted of samples that pc
data are shown in Table 3 and Figure 1. Background prodwgsss low Ca/Cl and K/Cl ratios (Table Al of Appendix); neutror
tion of 36ClI (R,) from thermal neutrons produced by natural Wactivation off5Cl (¥,) is the dominantéCl production pathway
and Th decay was calculated using the procedure describeddythese samples. Total chlorine concentration of the sampl
Fabryka-Martin (1988). Production resulting from thermal newanges between 42 and 290 ppm. Water content varies con
tron absorption by°Cl was treated using equations in leual. derably between the serpentinized harzburgite (10-12%) a
(1994), which also were incorporated in recent calibrations tfe chert and diorite samples1-2%). As shown by Dept al.
the36Cl production rates (e.g., Phillipet al., 1996; Stonetal, (1994), water content may have a significant impact on the rel
1996). The production rate solution for a given reaction pattive thermal neutron flux and, correspondingly,®@! produc-
way was calculated using the CHLOE (Chlorine-36 exposurtdn from this pathway. Th&, reaction for these high chloride
program (Phillips and Plummer, 1996) and taking the collectiveck samples represents 65-98% of their respective 1@l
mean value of all samples within each respective target efgoduction (Table 3).

TABLE 3
Lithology, Altitude, Location, Thickness Averaged Production Rates, 3Cl Ratios and Ages of Calibration Samples
from Whidbey and Fidalgo Islands, Washington

Thickness averaged production
rates [atoms®Cl (g yr)~1]

Sample Altitude Latitude Longitude séci/cl 36Cl age+ 1o
Sample I3 type Lithology [m] PN] [°wW] (10715 (103 yr) wCa WK WN

SERHAR-1 Bedrock Harzburgite 61 47.5 122418 64.7+5.5 157+ 13 0.108 0.178 14.562
SERHAR-1b Bedrock Harzburgite 61 489.5 122°41.5 69.8+ 2.6 167+ 0.6 0.108 0.178 14.562
SERHAR-2 Bedrock Harzburgite 61 47.5 122418 629+ 5.7 152+ 14 0.095 0.198 13.730
SEHRAR-2A Bedrock Harzburgite 61 429.5 122°41.5 633+ 14.0 152433 0.095 0.198 13.730
SERHAR-2B Bedrock Harzburgite 61 47.5 122418 626+ 3.7 152+ 09 0.095 0.198 13.730
SERHAR-3 Bedrock Harzburgite 61 43.5 122°41.8 638+5.8 162+ 15 0.014 0.218 13.923
SERHAR-3A Bedrock Harzburgite 61 489.5 122418 66.1+5.9 166+ 1.5 0.014 0.218 13.923
SERHAR-3B Bedrock Harzburgite 61 43.5 122°41.5 650+ 35 164+09 0.014 0.218 13.923
CLINTON-3 Erratic Greeanstone 42 766.5 122°24.6 649+ 4.4 149+ 10 8.571 0.193 12.926
LDR-1A Erratic Granodiorite 91 £83.7 122°29.9 69.0+ 8.6 153+ 194 4.242 2.072 12.11

LDR-1B Erratic Granodiorite 91 £83.7 122°29.9 722+56 162+ 1.3 4.249 2.127 11.426
LDR-1C Erratic Granodiorite 91 483.7 122°29.9 711+48 158+ 11 4.242 2.186 11.477
MYST-2 Erratic Greenstone 56 482.0 122°25.2 97.7+ 4.9 152+ 0.8 6.974 0.229 3.521
MYST-2B Erratic Greenstone 56 82.0 122°25.2 849+42 1554+0.9 6.684 0.172 4.596
ROSCHT-2 Bedrock Chen 25 485.0 122°40.0 732+ 100 149+ 20 0.019 1.090 1.978

ROSCHT-2B Bedrock Chert 25 485.0 122°40.0 771+48 158+ 09 0.019 1.090 1.984
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TABLE 3—Continued

Thickness averaged production
rates [atoms®Cl (g yr)~1]

Sample Altitude  Latitude  Longitude  36Cl/CI 36Cl age+ 1o
Sample I} type Lithology [m] PN] [°W] (10715) (103 yr) WCa WK WN
ROSBAS-2 Bedrock Basalt 25 485.0 122°40.0 212+ 29 150+21 5.752 0.111 0.802
ROSBAS-3 Bedrock Basalt 25 435.0 122°40.0 226+ 14 162+ 1.0 4.491 0.129 0.655
ROSBAS-4 Bedrock Basalt 25 485.0 122°40.0 203+ 23 163+ 1.8 3.876 0.333 0.693
JB-1A Erratic Greenstone 55 483.7 122°25.2 1391+ 6.6 155+0.7 11.007 0.057 3.834
JB-1A2 Erratic Greenstone 55 a8.7 122°25.2 134+ 12 150+1.3 11.007 0.057 3.834
JB-1B Erratic Greenstone 55 aB.7 122°25.2 140+ 6.4 147+0.7 10.871 0.038 3.600
JB-2 Erratic Greenstone 55 a8.7 122°25.2 121+ 11 146+ 1.3 10.939 0.306 3.151
DAVIS Erratic Basalt 61 4813.0 122°37.5 230+ 16.0 154+11 4.423 0.423 0.765
COUPE-2 Erratic Greenstone 34 °48.7 122°41.2 260+ 54 160+ 3.3 4.802 0.757 1.083
MYST-1 Erratic Greenstone 56 482.0 122°25.2 265+ 21 159+12 7.144 0.306 1.127
MYST-1B Erratic Greenstone 56 282.0 122°25.2 2544130 162+0.9 6.455 0.268 1.108
FRENCH-B Erratic Gabbro 101 ag7.4 122°24.0 5444 45 169+ 14 9.753 0.099 0.794
Thickness averaged production
6, -1
Sample Aliitude  Latitude  Longitude  36Cl/CI 36C| age+ 1o rates [atoms°Cl (g «yn) ]
Sample I3 type Lithology [m] PN] [°W] (10715 (103 yr) ¥Ca WK WN
Reilly-B94 Erratic Granite 76 £81.0 12224.8 97+ 17 169+ 3.0 0.238 1.966 2.343
COLES-8 Erratic Granodiorite 61 481.2 122°25.5 330+ 30 159+14 2.198 1.817 0.768
ROL-APL Erratic Aplite dike 10 4801.0 122°32.8 577+ 47 164+ 13 0.662 8.382 0.650
ROSCHT 3B Chert 25 425.0 122°40.0 193+ 12 167+ 1.0 0.096 1.504 0.503
GP-1 Erratic Graywacke 61 439.8 122°37.8 97.0+35 149405 3.094 4.453 2.975
GP-2 Erratic Graywacke 61 489.5 122°37.5 283+ 7.6 164+04 0.135 4.167 0.689
LM-2 Bedrock Arkosic ss 285 423.7 122°18.8 349+ 15 151+ 0.7 0.361 4.702 0.801
LM-3 Bedrock Arkosic ss 285 423.7 122°18.5 448+ 11 154+0.3 0.353 4.987 0.622
LM-4 Becrock Arkosic ss 285 423.7 122°18.8 5404 13 155+ 0.4 0.336 5.651 0.580
Thickness averaged production
6, -1
Sample Altitude  Latitude  Longitude  36Cl/CI 36Cl age+ 1o rates [atom$°Cl (g «yn) ]
Sample II¥ type Lithology [m] PN] [°W] (10719) (103 yr) WCa WK WN
ANDERSON-D Erratic Granodiorite 52 482.6 122°30.2 112+ 21 122+ 2.3 s.0. 2.640 2.207 3.059
SHAW-NES Erratic Graywacke 52 482.6 122°30.2 286+ 32 139+ 16 2.527 1.373 0.630
IMBURGIA-B Erratic Granodiorite 46 482.0 122°28.9 113+ 15 98+ 13s.0 2.160 1.800 1.399
COUPE-1B Erratic Greenstone 34 °42.7 122°41.2 934+4.2 168+0.7 3.858 1.173 3.973
COUPE-IC Erratic Greenstone 34 AR.7 122°41.2 910+3.0 163+0.5 3.858 1.173 3.973
LONG-C Erratic Granite 91 4%6.5 122°24.6 941+29 129+ 0.4 s.0. 0.874 6.237 5.185
SILLS Erratic Granodiorite 41 4B58.3 122°27.7 548+ 40 543 + 3.9 s.0. 2.654 1.049 1.407
ELL-ROB-2 Erratic Granodiorite 20 480.1 122°29.5 5369+ 8.6 473+ 1.6s.0. 2.848 1.637 1.353
DEC-QTZ(wr) Bedrock Quartzite 57 434.0 122°38.7 4744+ 40 273+ 23s.0. 3.931 0.535 0.661
ELL-ROB-1 Erratic Basalt 20 £80.7 122°29.5 119+ 10 92+ 0.8s.0. 7.253 0.781 2.136
TARA-1B(94) Erratic Greenstone 21 480.5 122°33.5 133+ 7.8 131+0.8 12.923 0.018 3.923
ROSCHT-4 Bedrock Chert 25 435.0 122°40.0 126+ 8.1 168+ 1.0 0.019 0.918 0.752
ROSCHT-5 Bedrock Chert 25 485.0 122040.0 217+ 6.1 231+ 0.6 s.0. 0.214 1.340 0.637

a samples used to solV&CI production rate due to neutron activatior®8€l. SERHAR and CLINTON samples high water content (10-12 wt.%).

b Samples used to sol¥&CI production rate due to spallation of calcium.

¢ Samples used to sol&CI production rate due to spallation of potassium.

d Samples that were not used to calibrd#€1 production rates. These samples were not used for one of the following reasons: 1. large accelerator
spectrometry analytical uncertainties; 2. inappropriate isotopic chemistry; 3. determined to be statistical outliers (s.0.) where the me&a digemnishe
calibration age (15,500 yr).

Individual ground-level secondary neutron production rate tinized samples) compared with samples with relatively lov
air [P;(0)] values inferred from thermal neutron absorption byater content. The calculated(®) in air, inferred from ther-
35CI (Table 3 and Fig. 5) show a bimodal distribution. This sugnal neutron absorption bB¥Cl, is 762+ 28 neutrons (g air}
gests that the thermal neutron absorption rate likely is abgut? for samples with low water content (1-2 wt.%). The cal-
40% greater for samples with high water content (i.e., serpeniated R(0) inferred from thermal neutron absorption HI
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FIG.5. Individual ground-level secondary neutron production raf8)®alues inferred from thermal neutron absorptior?¥@! show a bimodal distribution
suggesting that the thermal neutron absorption rate is atiet3¥ greater for the samples possessing high water content (serpentinized samples) compare
those samples possessing relatively low water content. The calculated mean secondary neutron production rg@Jntadi{Rerror for the low water calibration
samples is 762 28 fast neutrons (g air) yr—1.

using high water content (10-12 wt.%) samples is 14@®% yr—1]. Potassium production is negligible in these samples. TF
neutrons (g air)! yr~1. The inconsistency between the inferregiroduction rate of the remainin§Cl due to reactions on Ca is
ground-level secondary neutron production rate of the low ved1 4+ 5 atoms3¢Cl (g Ca)™* yr—! (Table Al in Appendix and
sus high water content samples suggests that existing modgts 6). The production rate 6fCI due solely to calcium spal-
do not adequately describe thermalization and capture of néation can be estimated from this total value by subtracting th
trons for hydrous rock samples. If the neutron thermalizatioate of muon capturé{Ca(u, ) 26Cl] obtained by Stonet al.
model of Liuet al. (1994) were applicable to samples with suck1998) of~5 + 2 atoms (g Ca)' yr—*. The production rate due
high water contents as the harzburgites, we would expect to ebspallation of Ca i3-86+ 5 atoms®*®Cl (g Ca)* yr—1.
tain a single value (or tight group of values) of® estimates  The total production rate due to potassiudg( was cal-
from all samples. Instead, there is a bimodal distribution, whictulated using eight calibration samples that possess relative
suggests that the thermal neutron absorption rate is greatertfigh K/Cl and K/Ca ratios (i.e., felsic and intermediate plutonic
hydrous samples. The bimodal distribution is qualitatively comecks and arkosic sandstones; Table Al in Appendix). Sampl
sistent with the model findings of Degt al. (1994), which pre- for which production due to potassium contributed to 38—859
dicted that the relative thermal neutron flux increases nonlineadfthe total*®*Cl production were used to solve fér (Table 3).
as water content increases. Consequently, fdfi@kage calcu- To estimatewy in these samples, contributions from neutror
lations for hydrous rock samples in which thermal neutron abapture and reactions on Ca were calculated using the valt
sorption by?°Clis an important production pathway will requireof P;(0) andW, derived above and subtracted. The calculate
amore detailed model if neutron thermalization and capture gmeduction rate for potassium is 22818 atoms®®Cl (g K)~*
to be described accurately. A study by Phillgisal.(2001) may yr—! (Table 3 and Fig. 7).
remedy this problem regarding water-rich samples. Q@®)P  The quoted uncertainties represent the standard error ab
value for more common samples, with water conte@®s, is the mean. Among other sources of uncertainty, several may
762+ 28 neutrons (g aint yr—1. significant (e.g., uncertainty in the AMS measurement, whic
The total production rate due to calciunid,) was calcu- is generally less than 5%, and the error associated witPP@le
lated using 11 calibration samples with high Ca/Cl and Ca/#fetermination). The measurement errors are within the boun
ratios (i.e., basalts, gabbros, mafic metavolcanics; Table Aldrpressed by the above uncertainty. More realistic uncertai
Appendix). Only those samples for which calcium reactions coties must also consider other factors, especially those related
tributed 65-90% of the totdPCl production were used to solvegeochemical effects on neutron transport and the overall ge
for We, (Table 3). To estimate ti€CI production rate from Cain logic context of the individual samples. Our quoted uncertair
these samples, the neutron-produced fraction was calculated sl do not consider systematic uncertainties from these tw
subtracted using the above value [#628 neutrons (g air)* sources.
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FIG. 6. The calculated meattlo error for the production rate due to calciufeg) is 91+ 5 atoms®®Cl (g Ca) ! yr—1.

Internal Consistency and Validity 8fCI Production Rates degradation and/or spalling of boulders due to natural we:
thering effects or fire (Bierman and Gillespie, 1991), and pos
To assess internal the consistency of the sample populatidapositional reorientation of boulders (e.g., during farming an
36C| ages were calculated for all samples using the new pllogging operations or major seismic events).
duction rates (Fig. 8). The calculated me&@l age (-10) for To test the validity of the derived production raté&| ages
the individual sample ages is 15,78B00%Cl yr. The+5.1% were calculated for rock samples collected from the surface
mean standard deviation of the sample population likely repr@-dacite flow erupted in the Garibaldi volcanic region, Britist
sents a minimum estimation of the statistical variability due ©Golumbia, and glacially abraded bedrock and erratics at thre
uncertainties within production rate parameters. The calculatedalities deglaciated transgressively over a 7000- to 8000-yr il
mean and standard deviation excludes samples with ages mereal (Fig. 9). The Ring Creek dacite flow was erupted shortl
than 3 outside the combined mean. after deglaciation of Howe Sound, British Columbia (12,600-
The large discrepancy between the mé&@l age of the 10,800 cal yr B.P.), based on brackett@ ages of wood un-
calibration samples and that of the statistical outliers (Fig. 8grlying and overlying the flow (Brooks and Friele, 1992). The
most likely reflects geologic or anthropogenic factors, incluc€ordilleran Ice Sheet retreated from its southernmost limit i
ing prior exposure history (Briner and Swanson, 1998), surfattee southern Puget Lowland 17,000-16,700 cal yr ago (Port
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FIG.7. The calculated meaitlo error for the production rate due t& ) is 228+ 18 atoms*®Cl (g K)~ yr—2.
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FIG.8. Distribution of36Cl ages for all samples collected from Whidbey and Fidalgo Islands using the derived production rates. Statistical outliers are inq
and are also listed in the lower section of Table 3 and designated with the letters “s.o0.” Bedrock and erratic boulder samples are shown as filletiches, ope
respectively.

and Swanson, 1998) and stabilized or readvanced in the Frasestern Alaska (Brinest al,, in press). The resulting chronology
Valley, British Columbia, 13,500-12,500 cal yr ago (Claguis consistent witH*C and thermoluminescence ages related t
et al, 1997). East of the Cascade Range, the ice margin gdaciation in this region. Brineet al. (in press) reported that
treated from its maximum limit on the Waterville Plateau beforéCl ages calculated using other publisi&@l production rates
~17,000 cal yr ago (Atwater, 1986). Remnant ice melted frogield ages that are inconsistent with the independé@tand
the interior plateau of British Columbia before 9700 cal yr agihermoluminescence ages.
(Clague, 1981).
36C| ages and geographic and geochemical data are show@omparison with other production rate estimateSeveral
in Table 4 and Table A2 of the Appendix. The me&@l ages other studies have derivetfCl production rates based on
+1o for the Ring Creek lava flow, Vashon, Sumas, and interi@mpirical calibrations (Zredat al., 1991; Phillipset al.,, 1996;
British Columbia samples are 11,680600, 18,80Gt 2,000, Stoneet al, 1996; Evant al, 1997). To compare these pro-
13,700+ 1,800, and 10,408 5003¢ClI yr, respectively, which duction rates with our rates, all have been scaled to sea level @
are consistent with the calibrated radiocarbon ages for thdsgh latitude using the scaling parameters of Lal (1991), i.e., 1
sites (Fig. 10). The close agreement between the calculagssentially the same geographic latitude and altitude as samg
36C| ages and independeHiC ages for these supports the reused for calibration in this study (Table 1).
liability of the newly derived®Cl production rates. The un-  Our calculated F0) [7624 28 fast neutrons (g air} yr—1]
certainty for each of the three groups likely reflects analytici consistent with measured neutron flux values of®10 2 x
uncertainties related to th€Cl age solutions and geologicall0~2 n cnt! s~* (Simpson, 1951; Hendrick and Edge, 1966;
factors. Yamashitaet al, 1966), which are equivalent to capture-rate
Our production rates were also used to calculé® ages of values of 2 to 4x 10° neutrons (kg rock)* yr—2. Our calculated
moraines of the last glaciation in the Ahklun Mountains, soutlground-level secondary neutron production rate is about 35
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FIG. 9. Map showing the terminal position of the Cordilleran Ice Sheet at different times during the recessional phase of the Fraser Glaciation. Ic
reconstructions taken from Clagaeal. (1988) and Porter and Swanson (1998). Light-gray shading shows the inferred last glaciation emerged coast line. Lo
of the sample sites (including Ring Creek dacite flow) used to test the validity #@i@roduction rates are designated by their respective sample abbreviatio

greater than the experimentally calculated value of £8® Our potassium production rate, 22818 atoms>®Cl g K1
obtained by Phillipgt al. (1996). yr—1, is higher than the scaled values reported by Zreda (199
Whereas spallation reactions with Ca typically account feind Phillipset al.(1996) by~10% and 35%, respectively. Evans
80-90% of*®Cl production in calcium-bearing minerals, negaet al. (1997) reported two different production-rate values fo
tive muon capture becomes increasingly important near sea lgyelassium: 17& 25 atoms®Cl g K—* yr~! averaged for Sierra
and at depth. To compare Ca production rates, it is necessarjevada and Scottish samples and 249 atoms3¢Cl g K1
use values that represent total production from Ca productigit? for two Antarctic bedrock samples. Evags al. (1997)
rates calculated by Phillipst al. (1996) and in this study did stated that the differences between the two production-rate v:
not isolate the muon production rate. Stagteal. (1998) esti- ues are real and cannot be attributed to meteti@. They
mated a surface production rate-6 + 2 atoms (g Ca)* a* postulated that either the production rate differs ovef- 10
for the muon capture reactiorf’Ca(u.«) %Cl] at high lati- to 1F-yr time scales or that the altitude scaling applied t
tude and at sea level, which must be added to Stin&'s Antarctica underestimates the true scaling factor for the Antar
(1996) production rate due to spallation of Ca.@4 1.7 atoms tic atmosphere.
36Cl g Calyr~1). Our total*®Cl production rate from Ca (9t
5 atoms®®Cl g Ca! yr1) is about 20% greater than that calcuPossible Causes of Inconsistency betwé€hProduction Rates

lated experimentally by Zreda (1994) and Phillgisal. (1996) The di bet . ducti i |
and about 60% greater than the value obtained by Stoaé . € discrepancy between various production-rate values
likely due to a combination of factors. Although no consisten

(1996) (Table 1). ttern of variance i n between each r tive r
Production rates from potassium have been reported in sBgRieIn Of varance I Seen between each respective reses

eral studies using potassium-rich rocks or minerals (Zetd, group’s product_ion rates, S everal hypotheses can be advance
1991: Zreda, 1994; Phillipst al, 1996; Evanset al, 1997) €XPlain these discrepancies.

(Table 1). Although three independent potassium reactions proPrior exposure (inheritance) effects $iCl production. An-
duce cosmogenieCl, high-energy spallation reactions predomemalously old exposure ages may result frét€l inherited
inate at the surface, whereas negative muon capture and therfngath exposure prior to the last glaciation (Briner and Swansol
neutron capture o°K are minor surface reactions. The value4998). The geologic setting and the similarity in exposure age
reported in Table 1 represent the total surface production rateobfmost of the samples collected close to the calibration sar
36CI from potassium reactions. ples make this explanation unlikely. Almost all erratic boulder:
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TABLE 4
Lithology, Location, Altitude, *CI Ratios, *Cl and *C Ages for Samples Used to Test the Validity of the *CI Production Rates
Sample Altitude Latitude Longitude sécl/Cl 36CIAGE + 1o 14C Age
Sample II¥ type Lithology [m] PN] [°W] (10715 (103 yr) (103 cal yr)
ME-2A Erratic Granodiorite 157 4605 122°38.0 180+5.9 164+ 0.6 ~17-18
ME-2 Erratic Granodiorite 157 4605 122°38.0 236+ 23 198+ 1.9 ~17-18
ME-3 Erratic Granodiorite 157 460.5 122°38.0 273+ 26 200+ 1.8 ~17-18
WER-1 Erratic Greenstone 97 w1.0 122°41.8 687+ 36 153+0.7 ~16-17
WIM-BAS Erratic Basalt 780 4745.0 11945.0 232+7.2 181+ 0.6 >16.5
WIMSBT Erratic Basalt 780 4745.0 11945.0 248+ 13 197+11 >16.5
WIM1BF Erratic Granite 780 #U5.0 11945.0 381+7.6 181+ 04 >16.5
WIM4F Erratic Granite 780 #U5.0 11945.0 483+ 40 212+1.8 >16.5
WIM-1 Erratic Granite 780 4745.0 11945.0 504+9.0 193+0.3 >16.5
WIM4B Erratic Gneiss 780 #A5.0 11945.0 610+ 59 221+21 >16.5
Sample Altitude Latitude Longitude sécl/Cl 36CIAGE + 1o 14C Age
Sample IY type Lithology [m] PN] [°W] (10715 (10° yr) (10° cal yr)
LMC-1 Bedrock Argillite 100 4911.8 121°54.0 117+ 10 132+1.1 12.5-13.5
LMC-2 Bedrock Argillite 100 4911.8 121°54.0 87.8+5.9 139+ 09 12.5-13.5
LMC-3 Bedrock Argillite 100 4911.8 121°54.0 103+ 9 167+ 15 12.5-13.5
FC-1 Bedrock Conglomerate 90 4.5 121°33.0 158+ 3.0 128+0.2 12.5-13.5
FC-1B Bedrock Conglomerate 90 425 121°33.0 147+ 7.2 119+ 0.6 12.5-13.5
Sample Altitude Latitude Longitude 3écl/Cl 36CIAGE + 1o 14C Age
Sample I type Lithology [m] PN] [°wW] (10715 (103 yr) (103 cal yr)
PS-1 Bedrock Granodiorite 1728 B1.0 120r02.8 3924+ 9.6 1074+0.3 >9.7
PS-2 Bedrock Granodiorite 1728 4.0 120°02.8 368+ 17 100+ 05 >97
PS-3 Bedrock Granodiorite 1728 4BN.0 120002.8 274+ 9.1 106+0.3 >9.7
PS-4 Bedrock Granodiorite 1728 @1.0 120°02.8 372+13 107+04 >9.7
PS-5 Bedrock Granodiorite 1728 BN.0 120002.5 384+ 13 107+ 0.4 >9.7
Sample Altitude Latitude Longitude 3écl/cl 36C| AGE =+ 10 14¢c Age
Sample I¥ type Lithology [m] PN] [°W] (10715 (103 yr) (103 cal yr)
RING CK-1 Bedrock Dacite 290 443.3 123°03.2 55+ 3.5 116+ 0.7 10.8-12.6
RING CK spk Bedrock Dacite 290 493.3 123°03.2 57+ 37 1194+0.8 10.8-12.6

a Samples collected from deglaciated surfaces in the southern Puget Lowland and Waterville Plateau, Washington, inferred to be Vashon maximaum ¢
b Samples collected from deglaciated surfaces in the Fraser Valley, British Columbia, inferred to be post-Sumas age.

¢ Samples collected from deglaciated surfaces in the Interior Plateau, British Columbia, inferred to be latest deglaciation.

d Samples collected from the Ring Creek dacite flow, near Squamish, British Columbia.

sampled for calibration were transported@5 km from likely prior exposure effects due to muon production is not a significa
bedrock sources. Supraglacial debris falling from exposéattor.
nunataks likely represent an insignificant fraction of Vashon- Temporal variability of the Earth’s magnetic fieldThe pro-
age boulders. Many large sampled till boulders are embedd#ttion rates of Phillipgt al. (1996) are based on calibration
in Vashon till, and their long axes are aligned with the inferresamples from 18-70°N latitude [i.e., Hawaiian Islands, Craters
ice-flow direction, implying subglacial transportation. Extensivef the Moon National Monument (Idaho), Great Britain, anc
proglacial outwash and lacustrine sediments that buried mughesmere Island (Canada)]. The strength of the Earth’s magne
of the pre-Vashon surface reduced the likelihood that rocks witield differs between low and high latitudes (Simpson, 1951
prior exposure would be deposited in Vashon till. has varied by as much &30% over the past 100,000 yr (Reedy
Prior exposure effects due to muon production over multipk al., 1983), and experienced even greater variability over brie
glacial cycles (i.e., 10yr) may also result in highe¥®Cl/Cl ra-  geologic time intervals during the last glaciation (Raisbetek.,
tios than the deglaciation age would permit, assuming glacie®87; Baumgartnaat al., 1998). This varying attenuation affects
erosion rates are low in the glacier’s accumulation area. Pribe intensity of cosmic radiation reaching the surface at differe!
exposure effects resulting from long exposure to muons wouéditudes.
be greatest for the Ca-rich samples. Consistent ages for the Ringhe production rates of Phillipst al. (1996) are based on
Creek flow calculated using our Ca production rate suggest tlsaimples from wide ranges of latitude and altitude. Furthermor
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FIG.10. Distribution of36Cl ages grouped according to their respective locations within the recessional limits of the Cordilleran Ice SHE&l. dges are
consistent with independent radiocarbon ages constraining the timing of deglaciation at each location (bracketing é4bagesiare shown as two dashed
lines; minimum limiting ages are shown as a single dashed line and arrow), supporting the validity of the production rates reported here. Thdseluata al
supported by the consistency of the calcula¥el exposure age, using our production rates, #ticonstraints for the eruption of Ring Creek dacite flow neat
Squamish, British Columbia (discussed in text).

independent calibration ages range between 3¢@0lgracketed ~ Error in Latitude—Altitude Scaling Factors. Three reported
basalt flows [Craters of the Moon, ldaho]) and 55,000 yr (Kgcaling curves correct for latitude—altitude variation in the net
Ar-dated Hawaiian basalt flows). Average production rate soltion flux (i.e., Yokoyamatal, 1977; O’'Brien, 1979; Lal, 1991).
tions integrated over this time interval likely do not equal th@ur study, as well as others (Table 1), used the latitude—altitu
average production rates of the last 15,500 cal yr (Meynadig#rves of Lal (1991) to scale the production rates to high-latituc
et al, 1992; Tricet al, 1992). Moreover, Clarlet al. (1995) and sea-level conditions. Of the three scaling curves, Lal
reported that field-strength-induced changes in cosmogenic (991) is the only one based on experimentally measured ne
clide production rates are greatest at low latitudes and high atten flux rates in the atmosphere. It is unlikely that altitude
tudes. The calibration samples used in this study were collecgsling is responsible for much of the discrepancy betwee
in alimited geographic area (47.5-48latitude), near sea level, our production rates and those of others (i.e., Philépsl,
and reflect the average production rate over the last 15%10 1996; Stoneet al, 1996; Evanset al, 1997), as*®Cl ratios
yr. Correcting for magnetic field intensity changes for our cameasured for Hawaiian basalt flows were consistent with the:
ibration latitude and exposure age (i.e., geographic latituderé#ed values based on Lal’s (1991) altitude scaling curves (Zre«
47.4° vs effective latitude of 42°) would change our calculatedeét al,, 1991). Furthermoré®Cl ages calculated for deglaciation
production rates by2%. of the Waterville Plateau~750 m) using the Whidbey Island
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production parameters are reasonable and are consistent Wwiaked solely on wood and gyttja samples but are consiste
minimum 14C ages of sediments associated with the drainingth the glacialmarine shell ages used by Swanson (1994)
of glacial Lake Columbia during retreat of the Okanogan Lolkeonstrain the deglaciation history of the Whidbey and Fidalg
(Atwater, 1986). Islands.

An error in latitude scaling would affect all production path- For many of the numerical ages used by Philkpal. (1996)
ways similarly. Therefore®Cl ages based on one set of produdto calibrate their production rates, the relationship between tt
tion parameters should be internally consistent, regardlessliofiting age and the related surface is uncertain; in some ir
sample composition. Becau¥€| production rates do not vary stances the error range is large. For example, the K/Ar date
consistently between each research group’s calibration sites, #8;000 yr B.P. for the Hawaiian lava flow has an analytical un
itude scaling error is unlikely to be the principal cause of theertainty of+£12%. Some of the limiting radiocarbon ages for
discrepancy between the various production rates. basalt flows in Craters of the Moon National Monument use

Surface erosion effects GACI production. Surface weath- as_calibration _samples are k_)ased on pulk samples of underly_i

oils. A potential problem with bulk soil ages is that the organi

ering and fire-induced spalling can present problems if Smgi%ntentin soils can take #91C° yr to reach equilibrium (Birke-

cgsmogenic isoFopeg are used to date geomorphic surfaces (Faﬂd 1984). Such uncertainties may contribute to some of tt
Bierman and Gillespie, 1991). However, the data presentedo'Bsérved inconsistencies in the production rates.

F_|gure 8 indicate tha_t these tWO. factors alone are not a se Stoneet al. (1996) used the Tabernacle Hill basalt flow in
rious problem for dating late Pleistocene surfaces in western . . . X
! . 2 . tah to calibrate the production rate due to calcium. This flov
Washington. Glacial striations, grooves, and raised quartz veins . . )
. "was erupted onto the Provo shoreline of Lake Bonneville and i

are seen on some exposed bedrock surfaces and erratic boul-.

. 12 .
ders and limit average surface erosion over the last 15%0I0 age '? believed to be 14,486100™°C yr B.P. (Owatt.and Nash,

i - : 1989; ~17,3004+ 300 cal yr B.P., Stuiver and Reimer, 1993).
yr: <1 cm (relief of quartz vein) from the surface of coars

grained lithologies (Fig. 4) anekt5 mm (depth of striations)elt is difficult to reconcile the difference in calcium production

6 11
from fine-grained metamorphic lithologies (Fig. 3). Erosiorrlates of Stonet al. (1996) (536 & 1.8 atoms™*Cl g Ca” yr7)

36 1 -1
rates of <0.03 to 0.26 cm (18 yr)~! are therefore implied and those reported here (315 atoms™Cl g Ca ' yr—), for

. ) : . . Poth calibration sites appear to have reasonable dating cont
for these fine- and coarse-grained lithologies, respectlveayhd inferred erosion rates

Rates of this magnitude are of little consequence for obtainlng.l_he two K production rate values reported by Evatsl

accurate exposure ages for surfaces dating to the I?fi597)arebasedonsamplesfromthreedifferentsites.TheIOV\

glaciation. . . 6 1.
The effect of fire on measuréfCI/Cl ratios was qualitatively potassium productpn rate (12025 ato”.‘ss Clg K™ yr =) .
was determined using K-feldspar from ice-scoured bedrock |

evaluated by comparing individuafCl production-rate solu- the eastern Sierra Nevada, California, and at Loch Lomon

tions of drift boulders and abraded bedrock sites stil POSSESSKYi1and. Neither calibration surface has been directly date

striations with boulders exhibiting spalled surfaces. Productimfl-h carliest deglaciation age (11,19F01C yr B.P., CAMS-
rate solutions are consistent between the two subgroups; thu 9 9 ' yre.r.

. . L : 1382;~13, 100 cal yr B.P.) from the eastern Sierra Nevad:
can be inferred that spalling due to forest fires is not a major prob- oo : A
S . . used for calibration is based on a single btfi€ age of gyttja
lem for the calibration boulders used in this stud

(Fig. 8) YLollected from a tarn upstream from Recess Peak morain

Of the calibrated production pathways, productiod®afl by (Clark and Gillespie, 1997). Samples from such sites provic

neutron absorption is most sensitive to geologic factors suchoe{]sly minimum limiting ages for deglaciation and conceivably
b geolog ’ ostdate ice withdrawal by 010 yr.

erosion rate. Whereas erosion rates can be estimated for surf Ce . : I
L : : - . oorly constrained dating control of calibration samples ma
retaining glacial abrasion features or with differentially eroded

. ) ; not explain all the inconsistency between the different produ
guartz veins, the coarse-grained rock samples in our study (e.g. . - .
. - . . t%r‘\ rates. More likely, a combination of several factors explain
plutonic and coarse clastic sedimentary) did not possess small- . i .
. - ) - e differences shown in Table 1. An additional factor is the
scale glacial abrasion features; consequently, erosion rate edc,H,- . ; .
. . Ifference in chemical extraction procedures used by each f
mates for this surface have greater uncertainty. -
search group. Swanson, Zreda, and Phillips used whole-ro
Poorly constrained calibration ages.A possible reason for chemical extraction procedures in their respective calibration
the inconsistency between the different production rates\idiereas Stone and Evans used mineral separates. If the
poorly constrained ages for calibration surfaces. The expostiior of Cl varies with the extraction processes, difference
age (deglaciation age) of our Puget Sound calibration arearis*®CI/Cl ratios could result, thereby influencing production
controlled by numerous calibratédiC ages that date the timerate calculations. Although it is not obvious how difference:
of deglaciation. Porter and Swanson (1998) provided a detailadthe extraction process would translate to differences in pre
calibrated'“C chronology for the advance and retreat historguction rates, this factor can easily be tested by having ea
of the Puget Lobe 30 to 100 km south of the calibration siteesearch group extract and process Cl from the same sam

used in this study. Th&*C age constraints they discussed arsubset.
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